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ABSTRACT
The development and design of novel methods and materials for separation and
sensing systems have critical importance for the analysis of complex mixtures. In these
systems, molecular recognition is the key element for desired selectivity and it can only
be achieved using rationally designed, chemically selective reagents. Cyclodextrins
(CDs) are a group of macro-cyclic molecules that can recognize certain analytes
depending on their shape and size. In this work, the primary goal was the design and
development of CD-based separation and sensing systems. Native and derivatized CDs
were utilized to develop methods for separation of a complex mixture containing six
naphthalene derivatives by means of the selectivity features of cyclodextrin distribution
capillary electrophoresis (CDCE). In order to evaluate its performance in CDCE as a
novel resolving agent, a single isomer heptakis (6-O-carboxymethyl-2,3-dimethyl)-βcyclodextrin was synthesized. Hydrophobic, relatively volatile and thermally stable, CD
derivatives, which were used as receptor phases in chemical sensor applications, were
synthesized and deposited on surfaces as organic thin films using a physical vapor
deposition method. These thin films were evaluated with surface plasmon resonance. The
kinetics of analyte-thin film binding was also studied.
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CHAPTER 1
INTRODUCTION TO CAPILLARY ELECTROPHORESIS AND
SURFACE PLASMON RESONANCE
Organization
Chapter 1 will provide background on the two techniques used in this study,
capillary electrophoresis and surface plasmon resonance. The chemical and physical
properties of cyclodextrins will also be discussed in this chapter.
Chapter 2 will describe a capillary electrophoretic method illustrating the
selectivity of dual and tertiary cyclodextrin running buffer systems for the separation of a
test mixture containing naphthalene derivatives.
Chapter 3 will present the synthesis and evaluation of a highly charged singleisomer cyclodextrin derivative as a novel running buffer additive for separations of a
variety of chiral and achiral analytes in CE. Insights into problems encountered with
other commercially available single-isomer charged CDs in a comparative manner to this
new highly charged CD would also be provided.
Chapter 4 details the synthesis and physical vapor deposition of hydrophobic
cyclodextrin derivatives as thin film sensor coatings and evaluation of these thin film
coatings using SPR and other techniques.
Chapter 5 summarizes the results presented in Chapters 2, 3 and 4 and elaborates
on some future directions and possible applications of the separation and sensing systems
developed.

1

Historical Background
Electrophoresis was first described by Tiselius in the mid 1930s [1]. The
approaches were limited by instability of the apparatus and by dispersion due to joule
heating, which compromised the resolution. Fast growth of the technique occurred with
the introduction of a support medium such as starch gel or paper derivatives to limit the
convective movement of the analyte.
The use of narrow-bore tubes or capillaries due to their anti-convective
characteristics was introduced as an alternative to the use of supporting medium. In 1967,
Hjerten described open tube electrophoresis [2]. He used millimeter-bore size capillaries,
which were available at that time. Later, Vurtanen [3] and Mikkers et al., respectively,
reported the use of 200 µm bore size capillaries made of glass and Teflon [4]. Jorgenson
and Lucas opened the modern era of capillary electrophoresis as a technique in late
1980s. They used 75 µm internal diameter (id) fused glass capillaries and also described
relationships between the operational parameters and separation quality [5,6].
Due to its sensitivity and versatility, capillary electrophoresis (CE) has moved to
the forefront of analytical methodology over the past fifteen years. Its applicability is
enhanced by facile and rapid method development, short separation times, and a very
small amount of analyte sample requirement. The use of the same instrument for the
separation and analysis of a wide range of analytes from large biomolecules, such as
proteins and nucleic acids, to metal and organic ions, to enantiomers and non-charged
molecules has increased the popularity of CE.
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Theory of CE
Mobility of An Ion
Electrophoresis is based on the migration of analytes within an electrolyte
solution under the influence of an electric field. The propelling forces of the electric field
and retarding effects of the viscosity of the solution govern the movement of ions in free
solution. The velocity of an ion under the influence of electric field can be written as
follows where values v, µe, and E are ion velocity, electrophoretic mobility, and applied
electric field, respectively.
v = µeE

(1.1)

The electric field is given as a function of applied voltage and capillary length (in
volts/cm). The balance between the electric force and an ion’s friction through the
medium predicts its mobility. The mobility of an ion is proportional to the ratio of electric
force (FE) to friction force (FF).
µe α FE/FF

(1.2)

The electric force is given by
FE = qE

(1.3)

And frictional force for a spherical ion is given by
FF = -6πηrv

(1.4)

The values q, r, v and η are charge, radius, velocity of ion and viscosity of solution,
respectively. At eqilibrium, the forces are equal but opposite and, hence, the following
equation can be written.
qE = 6πηrv

(1.5)
3

The mobility of ion can be obtained by solving equation (1.5) for velocity and
substituting into equation (1.1) (see 1.6).
µe =

q
6πηrv

(1.6)

As seen from this equation, mobility of an ion is dependent upon its size and charge. The
size of a molecule is usually proportional to its mass, and analytes with different chargeto-mass ratios move at different velocities under the same conditions. Separations in CE
are based on this fact.
Electroosmotic Flow (EOF)
Electroosmotic flow is the most striking feature and a fundamental constituent of
CE. As mentioned above, CE is usually performed in capillaries made from fused silica.
The negative charged silanol groups present in this material give rise to a surface
negative charge or zeta (ζ) potential, which is responsible for the phenomenon of
electroosmotic flow (EOF). This surface charge results in a distinctive distribution of
cationic species in any ionic solution within the capillary. There is a layer of tightly
bound cations immediately adjacent to the capillary wall and a more loosely associated
layer, which is also largely cationic in nature. The application of an electric field results
in the movement of these more loosely bound cations towards the cathode and, since they
are solvated, a bulk of liquid flows in the same direction (see Figure 1.1). The existence
of the EOF means that neutral and charged molecules, even negatively charged
molecules, will be swept along towards the cathode. The magnitude of the EOF can be
expressed in terms of either velocity or mobility.
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Figure 1. 1. A depiction of formation of EOF on silica surface.
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VEOF = (

εζ
)E
η

(1.7)

Or
µEOF = (

εζ
)
η

(1.8)

The magnitude of EOF is highly dependent on the pH of the running buffer
because the zeta potential is largely governed by the ionization of the acidic silanols on
the capillary wall. Below pH 4, the ionization is small and the EOF flow rate is therefore
not significant. Above pH ~9 the silanols are fully ionized and EOF is strong. The
magnitude of EOF also decreases with increased running buffer concentration as the zeta
potential is reduced as ionic strength is increased. Increasing ionic strength causes
double-layer compression, which results in reduction of the level of EOF. EOF is
generated by the entire length of the capillary and is characterized by a flow profile that is
plug-like in nature. Consequently, solutes are swept along at the same rate regardless of
their radial position in the capillary, and this minimizes sample dispersion. This is an
advantage compared to the laminar flow encountered in pumped systems such as in
HPLC. In laminar flow, the solution is pushed from one end of the column. The solution
at the column walls moves slower than the solution in the middle of the column due to
the shear effect resulting in different solute speeds across the column. Therefore, laminar
flow tends to broaden the peaks as they travel along the column. Figure 1.2 shows the
comparison of two types of flow profiles.
Due to their chemical nature, the charged molecules may interact with ionic
capillary wall through several different mechanisms such as ionic interactions,
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A

B

Figure 1. 2. Illustration of flow Profiles: (A) hydrostatic flow and (B) electroosmotic
flow.
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electrostatic interactions, wan der walls interactions, and hydrogen bonding etc. If these
interactions are strong, they can adversely affect resolution and EOF. In order to
minimize or eliminate surface charge, i. e. zeta potential, dependent EOF, it is possible to
chemically modify or coat the inner surface of capillaries.
Observed Mobility
Experimentally measured mobility is termed the observed mobility of an ion, µobs,
and is the result of a combination of its intrinsic mobility (µe) and electroosmotic flow
mobility (µEOF). The relationship between these three mobilities can be given by equation
1.9.
µobs = µe + µEOF

(1.9)

Observed mobility of cationic species is greater than EOF. This is due to the fact that
both the cations and EOF flow have electrophoretic attraction towards to the cathode as
seen in Figure 1.3. Neutral species do not have a charge and therefore migrate at the same
velocity as EOF.

Observed mobility of anionic species is smaller than EOF. This is due

to the fact that anions have electrophoretic attraction towards the anode while EOF is
cathodically driven. If EOF is strong enough, all species will migrate towards the cathode
allowing single run detection of all species.
The migration time and other experimental parameters can be used to calculate
the observed mobility using
µobs =

l lL
=
tE tV

(1.10)

where l is the effective capillary length, which is the length of the capillary to detector
from injection side of the capillary, t is migration time, and L is the total capillary length.
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-

Dispersion and Efficiency
Dispersion can be defined as spreading of analyte zones and is characterized by a
baseline peak width, wb. Because separations in electrophoresis are based on differences
in solute mobility, the length of the analyte zones plays a critical role in achieving desired
resolution. The length of zones is strongly dependent on dispersive processes.
For a Gaussian peak,
wb = 4

(1.11)

where σ is standard deviation of the peak. Then, efficiency, N, number of theoretical
plates, can be expressed by
N=(

l 2
)
σ

(1.12)

This equation can be related to theoretical plate height, H.
H=

l
N

(1.13)

Because flow profiles are plug like in CE, dispersion is often determined primarily by
molecular diffusion. Under these conditions, the variance (σ2) of a solute band is given
by
σ2 = 2Dt =

2DlL
µeV

(1.14)

where D is the diffusion coefficient of the analyte and t is migration time.
By substituting equation 14 into equation 12, the following fundamental electrophoretic
expression for efficiency is obtained.
N=

µeVl
µ El
= e
2 DL
2D

(1.15)
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However, efficiency can also be calculated directly from an electropherogram using
following equation.

N=

t
5.54( w
1/ 2

)2

(1.16)

where w1/2 is the peak width at half height.
In reality, a number of factors, in addition to longitudinal molecular diffusion, can
contribute to the dispersion. The most important ones are temperature gradients caused
by Joule heating, injection plug length, analyte-wall interactions, and electrodispersion. It
is better to express the variance in terms of total variance of the system, σ2T.
σ2T=σ2dif+σ2inj+σ2tem+σ2ads+σ2eld+σ2det+…… (1.17)
where the subscripts, dif, inj, tem, ads, eld and det indicate contributions from diffusion,
injection, temperature, adsorption, electrodispersion, and detection respectively. If any of
the contributors in the equation above is appreciable relative to the diffusion term,
equation 1.15 will not be valid.
Resolution
In all separation techniques, the primary goal is to achieve a good resolution, Rs.
In CE, resolution is given by
Rs =

N ∆µ
4
µ

(1.18)

Where ∆µ is the difference in mobilities of two species, and µ is the average mobility.
Resolution can also be calculated from an electropherogram using the following equation,
Rs =

2∆t
W1 + W2

(1.19)
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where ∆t is the difference in migration time of two species, and W is the peak baseline
width in time units.
Instrumentation
The simplicity of the instrumentation for CE is one of its unique features. A
depiction of CE instrumentation is seen on Figure 1.4. The length of the capillary differs
from one application to another, but it is normally in the range of 20 to 70 cm. The
capillary is filled with running buffer and the sample is introduced by dipping one end
into the sample and applying an electric field (electrokinetic injection) or by applying gas
pressure (pressure injection). Migration through the capillary is driven by the applied
field (see Eq 1.7), and analytes are detected on-capillary as they pass a window at the far
end of the capillary. Optical detection is normally employed and is based on absorbance
or, less frequently, fluorescence. Due to the short optical path length (~capillary
diameter), sensitivity is often poor. Limits of detection can be improved by using a
capillary with extended path length at the detection region of the capillary, but this can be
done at the expense of resolution.

Reagents in CE
As discussed previously, separation in CE is achieved due to differences in the
migration rates of the analytes. Thus, the range of separated molecules is restricted to
those carrying a charge. The co-elution of neutral analytes in the regular mode of CE is
one of the major limitations of electrophoresis. However, the separation of neutral
analytes can be achieved by introduction of a charged additive into the running buffer
solution. A number of additives are available. Surfactants, soluble polymers, crown
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Figure 1.4. Schematic of a typical CE setup.
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ethers, native and derivatized cyclodextrins, antibodies, antibiotics, and proteins can be
included as examples. These additives can be considered as the secondary phase, which
corresponds to the stationary phase in LC. Interaction of neutral solutes with this
secondary phase imparts an effective mobility to the solutes. Because the interaction
energy of different analytes with the secondary phase varies, the analytes are
differentially distributed between secondary phase and running buffer. As a result of this,
the analytes move at different velocities in the running buffer. The greater the interaction
between the analyte and secondary phase, the closer the analyte will migrate at the
velocity of the secondary phase. The analytes, which do not interact with secondary
phase, will elute with EOF.
Micellar electrokinetic capillary chromatography (MECC)
MECC is a popular version of CE, and combines the phenomenon of EOF with a
form of partition chromatography to extend the range of separated molecules [7]. EOF
will drag all neutral molecules through the capillary, albeit all at essentially the same rate.
Partition chromatography in its simplest form consists of a stationary phase and a mobile
phase where the separation of molecules is based on different affinities of the analytes for
the two phases. The surfactants used in MECC are amphiphilic molecules with both
hydrophobic (e.g., alkyl moiety) and hydrophilic (polar head or charged) groups. The
surfactant molecules behave as solvated monomers at very low concentrations. When the
concentration is increased beyond a minimum level, termed critical micelle concentration
(cmc), they start to form micelles. Micelles are ordered aggregates of surfactants with
structures that hide their hydrophobic tails from water and orient their polar head groups
14

toward the water. The micelles in MECC are the equivalent of the stationary phase in
HPLC. Because micelles are not stationary, they are subject to both EOF and
electromotive forces. Separations are based on the partitioning of molecules between the
differently migrating micellar and running buffer phases. Eventually, all the analyte
molecules and the micelles will pass the detector window.
Negatively charged micelles are attracted to the anode, but the greater magnitude
of the EOF sweeps them towards the detector at the cathode end of the capillary.
Positively charged molecules are retarded by association with the negatively charged
micelles, neutral molecules partition between the micellar and running buffer phases and
have intermediate mobilities, while negatively charged molecules are generally repelled
from the micelles. An illustration of separation of neutral and charged analytes in MECC
is seen on Figure 1.5.
Because there are a number of factors influencing the migration of the analytes,
there are a number of ways in which MECC can be manipulated to achieve the required
separation selectivity. In terms of theoretical considerations, the separation range of the
technique is defined by the EOF, which determines t0, and the migration time of the
micelle (tm). This range is defined as elution window and selectivity within that range is
influenced by the partition coefficient between the micelle and electrolyte and any
intrinsic charge on the analyte. This will determine not only its electrophoretic mobility
but also the degree of ionic interaction with the micelle. The effect of pH is complex; as
well as influencing the ionization state of individual analytes it will also influence the potential and thus the
15
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Figure 1.5. The illustration of separation of neutral and charged analytes in MECC.
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magnitude of the EOF. At low pH values where the ionization of the silanol groups is
suppressed, the EOF may be exceeded by the micellar velocity and necessitate a change
in electrode polarity to ensure that everything passes the detector window.
The use of different surfactants will influence the partition coefficients and
influence separations. The addition of a neutral surfactant to form mixed micelles will
have a similar effect but will also alter the net charge on the micelle, decreasing the tm
and therefore resulting in shorter separation times. Since the running buffer is a polar
environment by nature, modifications usually involve a decrease in polarity by the
addition of organic solvents such as methanol or acetonitrile. Addition of too much of
these organic solvents may destroy the micelles. Most of these effects are difficult to
predict because they will cause changes to more than one parameter. However, the ease
of making such changes are associated with the technique’s economical demand for
sample and the short separation times.
In MECC, the separation mechanism of neutral analytes, as stated above, is
chromatographic and can be expressed by modifying the chromatographic relationships.
The capacity factor, which is the ratio of the total moles of analyte in the micelle to those
in mobile phase, can be given by
V
k’ = K  s
 Vm

 (t r − t 0 )
 =
 t 1 − t r 
0

 tm 

(1.20

Where tr is the retention of the analyte, K is the partition coefficient, Vs is the volume of
the micellar phase, and Vm is the volume of the mobile phase.
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Resolution in MECC is given by
t0
N α − 1 k2 '
tm
4
α 1 + k2 '
t 
1 +  0 k1 '
 tm 
1−

Rs =

(1.21)

Where k1′ and k2′ are the capacity factors of two analytes, α is the selectivity factor and
defined as k1′/k2′, and tm is the retention time of micelle [7]. The first, second and last two
terms in Equation 1.21 relate to efficiency, selectivity and system retention, respectively.
As seen from this equation, resolution can be improved by optimizing efficiency,
selectivity, and capacity factor. The easiest term to optimize is the capacity factor.
Generally, there is linear correlation between increasing concentration of surfactant and
capacity factor and the capacity factor can be simply changed by increasing the surfactant
concentration. However, a potential problem when using too concentrated surfactants is
an increase in joule heating. Even with the narrowest capillaries, an efficient cooling is
necessary to eliminate heat generated due to the application of extremely high electric
fields. Unlike in LC and GC, MECC exhibits an optimum k’ (k’opt) and as the retention
factor (k’) of analytes begins to surpass k’opt, resolution suffers. This might happen when
analytes elute close to or even co-elute with the micelle (tr = tm).
Another way of improving the resolution is to extend the elution window. In the
separation of neutral analytes, all analytes elute between t0 and tm. Hydrophobic analytes
are totally retained in micelles and elute with them at tm micelles. On the other hand, very
hydrophilic analytes do not interact at all with micelles and elute with EOF. Even though
elution window is often fairly small, the peak capacity can be very high because of the
18

high efficiency. Nevertheless, it is generally important to be able to manipulate the
elution window.
It is also easy to manipulate the selectivity by changing the physical nature of the
micelle such as size, charge, and geometry and by using different surfactants. The use of
surfactants may have dramatic affect on the EOF by interacting with capillary wall.
Cyclodextrin Modified-MECC (CD-MECC)
One of the drawbacks of MECC is the limited selectivity. Highly hydrophobic analytes
with limited solubility strongly associate with micelles and elute at or near tm. The
addition of CDs into the micellar phase is one approach to prevent the elution of highly
hydrophobic analytes with micelles. CDs are described later in 1.5. This technique is
referred to as CD modified MECC (CD-MECC) (see Figure 1.6). Because of the
presence of a relatively hydrophobic cavity in CDs, they act as another pseudo-stationary
phase and significantly contribute to the selectivity of the separation system. When a CD
is added into the micellar system, the CDs and micelles compete to associate with the
analyte. Because native CDs are neutral, the analytes having greater affinity to neutral
CD are forced to migrate with EOF. The success of desired selectivity depends on the
binding constant of the analyte with CD and the concentration of the CD. It should be
noted that addition of a very high concentration of CD might disturb the micelle
formation. The separation of neutral analytes such as PCBs, pesticides, and PAHs using
both MECC andCD-MECC was reported [8,9,10].
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Figure 1.6. Depiction of separation in CD-MECC.
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Cyclodextrin Distribution Capillary Electrochromatography (CDCE)
In this mode of CE, two (or more) different types of CDs, most of the time one is
negatively or positively charged and the other is neutral, are used. The separation
mechanism is similar to the MECC mechanism discussed earlier and based on the
differential distribution of the analytes between the charged and neutral CDs. Because
one of the CDs is charged, it travels faster or slower than EOF depending on nature of its
charge while the neutral CD travels with EOF. The relative retention difference of the
analytes in the neutral and charged CD’s cavity leads to the separation of the analytes.
Figure 1.7 illustrates the separation of neutral analytes in a dual CD system
composed of one negatively charged and one neutral native CD. This mode of CE is
dubbed cyclodextrin distribution capillary electrochromatography (CDCE) [11]. CDCE
has several advantages over MECC. Micelles are formed only at concentrations higher
than the CMC. However, because CDs are molecules, they can be used at any
concentration up to their solubility limit. CDs can be chemically modified to make them
more compatible for the desired separation system. Because micelles are dynamic
structures, the addition of an organic modifier can disturb the micelles. However, the
organic modifiers can easily be used with CDs.

Introduction to Surface Plasmon Resonance (SPR)
Liedberg et al. [12] demonstrated the first utilization of surface plasmon
resonance (SPR) for chemical sensing. Since this application, its use in chemical sensing
has received great attention in chemistry [13,14], biochemistry [15,16], and physics [17]
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applications. Due to its sensitivity to the changes of 10-5-10-6 in refractive indices units at
the sensor/sample interface, SPR is becoming increasingly popular for monitoring thin
organic films deposited in a sensing layer [18,19] However, SPR has a natural lack of
selectivity. Thus, the functionalization of the metal surface with analyte-spesific receptors
is necessary to overcome the selectivity limitation for chemical analysis.
Theory and Instrumentation
Surface plasmon polaritons (SPPs) are surface electromagnetic waves and
propagate parallel to a metal/dielectric interface. For the generation of SPPs at such an
interface, the real part of the dielectric constant (ε) of the two media must carry opposite
sign. The ε is negative in metals and is positive for water and air. When the IR-visible
light is used for water/metal or air/metal interfaces, the conditions for generation of SPPs
are met. Metals such as Au, Ag, Cu, Ti, or Cr can be used for generating SPPs, but Au
and Ag are preferred due to the practical reasons such as stability and cost.
When the light energy of p-polarized incident photons is coupled into oscillating
free electron density of the metal film, SPPs are generated. The evanescent SPP waves
have their maximum at the interface and decay exponentially away from the phase
boundary (see Figure 1.8). The typical decay length of SPPs into the dielectric interface is
about 200 nm. The conditions for resonance are greatly influenced by the material
adsorbed onto the thin metal film and there is a satisfactory linear relationship between
the mass concentration of the adsorbed material onto the metal surface and resonance
energy. In order to create SPPs, a prism or grating must be used. There are two prism
configurations, namely, Otto and Kretschmann. Otto configuration consists of the
23
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prism/gap/organic film/metal order. However, the Kretschmann configuration consists of
prism/metal/organic film/gap and is the most popular configuration. The Kretschmann
prism-coupling configuration and the experimental setup used and a sample output is
seen in Figure 1.9. A 45-50 nm gold or silver thin film is vapor-deposited on a cleaned
glass slide. Then, the organic thin film is deposited on the gold or silver thin film. This
prepared slide is placed on the BK7 glass prism using a matching liquid such as ethylene
glycol. The prism-sample assembly is placed onto a rotation stage, which permits the
scanning of the incident light. The reflectivity ® of the metal is measured as a function of
the incident angle (θ). At a certain wavelength, the reflectivity of the uncovered metal
exhibits a dip at the SPR angle (θ1) and this angle shifts to a new value when the metal or
sensing layer on the metal coated with the sample layer.

Cyclodextrins and their Chemical and Physical Properties
Cyclodextrins (CDs) are a series of oligosaccharides produced naturally from the
degradation of starch and mediated by the enzyme cyclodextrin glycosyl transferase.
Although Villiers in 1918 first discovered the cyclodextrins, Schardinger gave the first
detailed description of the preparation and isolation of this interesting group of
macrocyclic molecules [20].
The CDs are composed of α-(1,4)-linkages (or glycosidic linkages) of a number
of D(+)-glucopyranose units (see Figure 1.10). Greek letters α, β, and γ are used to
designate the number of the glucose units, 6, 7, and 8, respectively. Due to the nature of
the glycosidic linkages, the supramolecular geometry of cyclodextrins resembles a
25
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H

truncated cone with two openings of different diameters.

The smaller opening, or

primary face, consists of primary hydroxyl groups at the C-6 position of the glucose,
while the secondary face contains secondary hydroxyls at the C-2 and C-3 positions. The
position of the hydroxyl groups at C-2 point in towards the cavity whereas the hydroxyl
groups at C-3 point outwards.
The C-2-OH group of a glucopyranose unit and the C-3-OH group of the adjacent
glucopyranose unit can form hydrogen bonds. Thus, the position of the secondary
hydroxyl groups is restricted, whereas the primary hydroxyl groups can freely move
[21,22,23]. Although the shape of the molecule is stabilized by intramolecular hydrogen
bonds, it is still flexible and it can deviate from the regular toroidal shape. The CD cavity
is composed of C-H, C-C bonds, and glycosidic oxygen bridges, and is moderately
hydrophobic.
The presence of a great number of hydroxyl groups at both sides of the CD cavity
makes CDs fairly water soluble, i.e. least soluble β-CD, 1.8 g/100 ml, α-CD, 14.5 g/100
ml, and most soluble γ-CD 23 g/100 mL in water at 25 oC. In addition, they are inert and
stable at a wide range of pH values, and have low UV absorptivity at short wavelengths.
These properties make them very useful additives in chromatographic applications.
Figure 1.11 shows the shape, dimension and physical properties of cyclodextrin
molecules.
An important characteristic of the CDs making them remarkably important and
useful is their unique ability to entrap certain molecules such as lipophilic, unstable
molecules in their molecular cavities. This is accomplished without formation of
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1297

8
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7.8

Figure 1.11. Shape, dimension and physical properties of cyclodextrin molecules.
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chemical bonds and changing the guest molecules structure. This unique ability of CDs
has been used successfully over the past 30 years mainly in the pharmaceutical industry,
in agriculture, and in food technology for non-chromatographic applications. Analyte-CD
interaction often involves the formation of an inclusion complex with analyte insertion
into the hydrophobic cavity. The selectivity of this interaction is governed by the size,
geometry, and physicochemical properties of both analyte and CD.
In chromatographic applications, the formation of an inclusion complex could be
beneficial for two classes of analytes, namely nonpolar and chiral. In the first case,
inclusion of nonpolar analytes into cavity can increase the solubility in water. This is an
obvious advantage for analytes with detectability problems due to low water solubility. In
the other case, the chiral nature of the secondary hydroxyl carbons on the wider side of
the rim allows the possible stereoselective interactions, which can be the basis for chiral
discrimination of optically active analytes.

Cyclodextrin Derivatives and the Problem of Positional Isomerism
Many groups can be introduced into the CD structure through reactions at the
hydroxyl groups located on both sides of their cavity. The derivatization of CDs is
targeted for several reasons such as increasing the solubility, modifying the complexation
properties, and introducing certain functionalities for enzyme-like catalytic activity and
antibody type of binding.
There are numerous examples of derivatized CDs for different types of
applications and many of those are complex mixtures of positional isomers. Due to the
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presence of a great number of chemically similar hydroxyl groups, the synthesis of
uniform cyclodextrin molecules is an overwhelming task. There are two strategies
followed for the synthesis of CD derivatives in the literature [20]. The first strategy is the
random attachment of the desired functional group or groups. In some cases, the
synthesis of a uniform product may not be necessary. For instance, if the goal is to
increase the solubility of the native CD, the random introduction of a functional group
such as a sulfato or amino moiety may achieve this goal. The second strategy is more
controlled and more cumbersome. There are some cases that a single positional isomer of
CD product is desirable. For example, it may be necessary to use a CD derivative as
uniform as possible in CE separation applications in order to achieve the reliability,
reproducibility and easy applicability to molecular modeling studies. Batch-to-batch
composition differences in CD products may lead to unreliable chromatographic results.
It is also difficult to maintain the reproducibility with such mixtures. Additionally,
molecular modeling studies become increasingly difficult and time consuming when
several isomers and degrees of substitution have to be considered.
In CE separations, both neutral and charged CD derivatives are extensively used.
As mentioned above, many of these derivatives are complex mixtures of the positional
isomers of the desired product. Only recently, single isomer CD derivatives have been
successfully synthesized and used for chiral and achiral separations in CE. The
commercially available negatively charged single-isomer CD derivatives are seen in
Table I. The synthesis and applications of a highly charged single isomer CD derivative
is the subject of one of the chapters in this dissertation.
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Table 1.1. Commercially available single-isomer negatively charged CD derivatives.
CD Derivative

Abbreviation

Groups attached at
C-6 position

C-2 & 3 position

Monocarboxymethyl-β-CD

CM-β-CD

-COOH

Heptakis(2,3-O-dimethyl6-O-sulfato)- β-CD

HDMS-β-CD

-SO3

-CH3

Heptakis(2,3-O-diacetyl-6O-sulfato)- β-CD

HDAS--β-CD

-SO3

-OCCH3
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CHAPTER 2
SELECTIVITY IN CAPILLARY
ELECTROCHROMATOGRAPHY USING NATIVE AND
SINGLE ISOMER ANIONIC CYCLODEXTRIN REAGENTS
Introduction
Capillary electrophoresis (CE) has emerged as a powerful technique for
separating an unusually large variety of compounds. This versatility is due in part to the
ease and speed with which the CE running buffer can be altered with a variety of reagents
to influence the migration rates of injected compounds. Included among these additives
are a variety of macrocycle reagents such as cyclodextrins (CDs), crown ethers [24],
calixarenes [25], antibiotics [26] etc. Since their first reported use in CE by Terabe and
coworkers [27], CDs have received the greatest attention.
The popularity of the native CDs and their derivatives is the result of their unique
molecular properties and these properties have been discussed in detail in Chapter 1. In
summary, they are doughnut-shaped with all the glucose units in a largely undistorted
chair conformation. The interior cavity of the CD is relatively nonpolar and can
accommodate many classes of compounds. Inclusion complex formation between guest
compounds and the CD host is influenced by the physiochemical properties of both the
guest and host. In addition to these unique characteristics, these chiral CDs are
moderately water-soluble and can be derivatized with a wide variety of functional groups.
These properties render CDs immensely useful as reagents in CE. In recent years, either
to increase the solubility or enhance the selectivity, several CD derivatives have been
synthesized and have been used in chromatographic and non-chromatographic
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applications. In chromatography, they have been used as a stationary phase by chemical
attachment to the silica support in LC and GC, and as mobile phase additives in LC [28,
29, 30, 31, 32, 33, 34]. In CE, they are mostly employed as mobile phase additives [35,
36]. The synthesis and evaluation of a highly charged single isomer CD, as a novel
additive for CE separations is the subject of the third chapter of this dissertation.
CDs have been used in many different CE modes. In the native (neutral) form
they are used extensively to enantioselectively moderate the migration rates of charged
chiral compounds [37]. Similarly, neutral chiral compounds have been separated using
derivatized charged CDs [37]. While our efforts have included chiral separations [38, 39],
the focus has been largely on the uses of CDs for separations of multicomponent mixtures
of neutral, achiral compounds. Initially, this involved employing neutral CDs (native or
derivatized) in conjunction with surfactants in micellar electrokinetic capillary
electrophoresis (MECC) [10, 40].

In this instance, the CD selectively modifies

migration rates by reducing the interactions of neutral solutes with the charged MECC
micellar phase.
The other approach is the utilization of a combination of two different
cyclodextrins (dual CD systems) to enhance the selectivity in chiral or achiral
separations. Combinations of native and neutral CD derivatives were employed for
separation of Dsn-DL-amino acids, binaphthyl compounds, and polychlorinated
biphenyls [36, 40, 41, 42]. Lurie and coworkers were first to report the use of a mixture
of one charged and one neutral CD derivative for enantiomeric separation of chiral
cationic drugs [43]. In this application, they used heptakis(2,6-di-dimethyl)-β-CD as the
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neutral CD derivative and β-CD sulfobutylether IV as anionic CD derivative. Other
researchers reported the separation of charged and neutral chiral compounds using dual
CD system [44, 45]. Sepaniak and coworkers for the first time used the dual CD system
for separation of neutral achiral compounds [46]. In that study, they used β-CD, γ-CD,
and DM-β-CD as neutral CDs and carboxymethyl-β-CD, DS 1 (CM-β-CD) as the
charged CD derivative for separation of anthracene, pyrene, chrysene, and
benzo[a]pyrene. They demonstrated superior selectivity over MECC for the separation of
these analytes. This technique was named cyclodextrin distribution capillary
electrochromatography (CDCE) indicating the mode of separation involves a differential
distribution of the analytes between CDs exhibiting different intrinsic mobilities.
Following these articles, the use of mixtures of CDs was reported for separation of
enantiomers and isomers [47, 48], and drugs [49]. In order to enhance the
enantioselectivity, the use of a CD bonded capillary and charged CD containing
electrolyte to obtain the dual CD was also reported [50].
The most significant advantages of CDCE over MECC are better selectivity and
ease of modification of the CD concentrations. Due to the unique recognition properties
of CDs, the system is more selective. In addition, this recognition property of CDs can be
significantly altered by derivatizing the hydroxyl groups at C-2, C-3, and C-6 positions
with the chemical attachment of different functional groups. The micelles are dynamic
structures and they only form over the critical micelle concentration (cmc). Thus, for
formation of micelles, it is necessary to reach a certain concentration. However, in
CDCE, any concentration up to solubility limits of CDs can be used. The use of organic
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solvents may also disturb the micelle structure, but CDs can be used in CDCE without
hesitation.
An intriguing feature of this selectivity characteristic of CDCE is that it raises the
possibility of rationally designing separation systems using simple to moderately
complex combinations of CDs. If the CDs do not interact with each other (a provision
that the work presented herein questions for certain systems), then the effects of the CDs
on solute migration can be predicted. The predictions require knowledge of the relative
strength of interaction between the guest (sample solute) and hosts (CDs) in the CDCE
system and the migration properties of the hosts. Earlier work was complicated by the
enormous complexity of commercially available derivatized CDs. The presence of a wide
and uncharacterized range of CDs with regard to degree of substitution (DS) and position
of substitution in these products makes general predictions of migration behavior difficult
and specific studies of molecular recognition impossible [51, 52]. Chen and co-workers
developed a model for describing the migration behavior using systems containing
derivatized CDs that possess a wide range of CD products [53]. Their successful model
requires that the composition of the multi-isomer, multi-DS product remain constant.
Unfortunately, derivatized CDs from different syntheses or commercial lots cannot be
expected to have the same composition. Nevertheless, their theoretical approach is
similar to that employed in this work. Recently, single-isomer CD products have been
synthesized in the laboratory [52, 54, 55] and made commercially available (see
Experimental Section). This has opened the way for the work presented herein.
In order to evaluate and understand a dynamic chemical system, knowledge of
association/dissociation behavior of the species in that system is critically important. The
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equilibrium constants, also called binding constants or inclusion constants (K), can be
used to measure the strength of the interaction between CD host and analyte quest. The
binding constants have been measured using a variety of methods including spectroscopic
[56], chromatographic [57], or CE methods [58, 59]. In almost all techniques, the
response is measured while keeping the host concentration constant and varying the
analyte concentration. In the examined system, the response difference between the free
and bound analyte must be measurable. Then, the response can be related to the relative
free and complexed analyte concentration and accordingly to the binding constant. CE
has been recently adapted for binding constant determination [59] by using the
knowledge of mobility of species under electrophoretic conditions.
It is our ongoing effort to optimize separation conditions with a minimum of
experimental work. In the work presented herein, the determination and the use of the
distribution coefficients (K) of selected analytes for theoretical calculation of mobilities
were studied. The separation of multi-component dihydroxy and dinitronaphthalene
positional isomers were demonstrated in CDCE composing a dual CD system. The
inclusion constants of analytes were calculated. Then, using these experimentally
calculated K values the mobility of analytes in triple-CD system was predicted before
performing the actual experiments. A unique selectivity for analytes in dual and triple
system was observed.

Experimental
Materials
1,3-dinitronaphthalene
dinitronaphthalene

(1,3-DNN),

(1,8-DNN),

1,5-dinitronaphthalene

1,5-dimethylnaphthalene
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(1,5-DNN),

(1,5-DMN),

and

1,81,5-

dihydroxynaphthalene

(1,5-DHN)

were

obtained from Aldrich Chemical Co.

(Milwaukee, WI). Mestyl oxide (MO) was also obtained from Aldrich. 2,7Dinitronaphthalene (2,7-DNN) was obtained from Fluka Chemical Co. (Ronkonkoma,
NY). A depiction of the test solute structures is provided in Figure 2.1. β-Cyclodextrin
(β-CD) was obtained from Sigma Chemical Co. (St. Louis, MO), Carboxymethyl-βCyclodextrin, degree of substitution (DS) 1 (CM-β-CD), and the sodium salt of heptakis
(2,3-dimethyl-6-sulfato)- β -Cyclodextrin (HDMS-β-CD) were obtained from Regis
Technologies, Inc. (Morton Grove, IL). -CD was obtained from CTD, Inc. (Gainesville,
FL). CE buffers were prepared with distilled, deionized water and reagent-grade
NaH2PO4 and adjusted to the required pH with H3PO4. Phthalic acid was used for the
determination of the elution time of the charged cyclodextrin (tch) and was obtained from
Eastman Kodak Chemical Co. (Rochester, N. Y.).
Apparatus and Methods
All CE experiments were performed using a Hewlett-Packard automated Capillary
Electrophoresis system (HP3DCE) interfaced to a HP Pentium I personal computer. Fused
silica capillaries (50 µm i.d. × 360 µm o.d.) were obtained from Polymicro Technologies
Inc. (Phoenix, AZ). The capillaries were cut to a total length of 48 cm, and the capillary
coating was removed at 39.5 cm for purposes of performing detection.
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Figure 2.1 Structure of substituted naphthalene test analytes.
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Procedure for Preparation of Running Buffer
The running buffers used in the separations were a 25 mM phosphate buffer at pH
5.0 for the CM-β-CD systems and at pH 7.5 for the HDMS-β-CD systems. The lower pH
was chosen for the CM-β-CD systems to allow for a larger elution window. However,
because of the low capacity of the buffer at pH 5.0, the pH should be monitored closely.
The CDs were dissolved at concentrations between 2 and 10 mM. The pH of the solutions
was adjusted using an Orion model SA520 pH meter. Before each pH measurement, the
pH meter was calibrated using a standard solution. To remove the dissolved gases in the
running buffer, the solution is first sonicated and then filtered using a 0.22-µm nylon
filter. Finally, it is placed under vacuum conditions for approximately 10 min. The
solutions were stored in the refrigerator because it was observed that after about 2 days
standing at room temperature the buffer would degrade due to microorganism growth. It
was found that by refrigerating the solutions, the buffers containing -CD, β-CD, and
CM-β-CD were stable for about 3 days. However, the HDMS-β-CD buffer solutions
could not be used after about 36 h even with refrigeration.
Sample Preparation
The samples were prepared by dissolving the test solutes in either the running
buffer or in a running buffer/methanol (20-40 v/v%) mixture. The sample solutions
contained the solutes at concentrations ranging from 10-6 to 10-5 M. Some solutes were
present near their solubility limit; methanol was used to increase the solubility of the
sample in solution. Methanol was not used in the running buffer.
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Separation Conditions
It is well-known that migration times in CE can be irreproducible due to changes
in electroosmotic flow (µeo). With the addition of CDs to the running buffer, which can
adsorb to the capillary walls, the problem is augmented. To minimize fluctuations in µeo,
a special flush procedure was developed and applied before each injection. First, the
capillary is flushed with 0.1 M NaOH for 5 min. Next, a solution of 0.1 M NaOH and 5%
SDS (w/w) is run through the capillary for 15 min. This is followed by flushing for 2 min
with distilled water and then filling the capillary with buffer solution.
Injection was achieved by the application of 10 mbar of pressure for 6 s to the inlet
buffer vial. The applied potential for all CE experiments was 15 kV. UV absorbance
detection was performed at wavelengths ranging from 205 to 254 nm for all the test
solutes. All experiments were conducted at room temperature (24 ± 1

C). Since

distribution coefficients are temperature-dependent, studies need to be performed at a
relatively constant temperature. This also applies to maintaining constant electrophoretic
parameters (currents, voltages, etc.) that may also influence capillary temperature.
Experiments conducted to determine distribution coefficients (Ks) can be
classified into two groups. Experiment 1: These experiments are performed to determine
the K values of the test solutes with charged CD. The running buffer solutions contained
only charged CDs. Capacity factors (k’) were calculated for each test solute for charged
CD concentrations normally ranging from 2 to 10 mM. Experiment 2: To determine the K
values of the test solutes with the neutral CDs, the concentration of charged CD was kept
constant (typically 8 mM) and the concentration of neutral CD was varied from 2 to 10
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mM. The k’ values were obtained for each test solute. Peaks were assigned to the
individual test solutes using a combination of spiking experiments and predetermined
ratios of peak heights at different detection wavelengths.
Indirect Detection for the Determination Mobility of CDs, t0, and tch
The mobilities of the charged CDs were determined via an indirect detection
method. A 20 mM solution of phthalic acid was prepared in the running buffer without
the CDs. A 10 mM sample of the charged CD and MO was prepared using this running
buffer as the solvent and injected under the same electrophoretic conditions as for other
experiments. The normal positive going peak for MO (at 254 nm) was used to mark the
void time of the system (t0). The migration times of the charged CDs (tch) were
determined with indirect detection (at 214 nm) on the basis of a negative-going peak. The
center of mass of these skewed peaks was used to estimate tch. The migration times of
MO and charged CD are used to calculate µeo and CD apparent mobility (µapp),
respectively. The electrophoretic mobility of the charged CD (µelec,cd) is calculated as µapp
- µeo.
The beginning of a solvent-related, negative-going baseline disturbance (see
electropherograms presented later) was used to mark t0 for each separation. The t0 value
establishes µeo, and by using the previously determined µelec,cd, it is possible to determine
tch for that separation (see Results and Discussion section).
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Safety
Because almost all the solutes used in this work are severe irritants and their
effects on living organisms are not known, caution was exercised while working with
them. Disposable gloves were worn, and waste sample solutions were disposed of
properly.

Results and Discussions
Theoretical Considerations
The effective mobility of an analytes in CDCE can be predicted using the
distribution coefficients (K = solute concentration in CD phase / solute concentration in
running buffer (rb) phases), phase volumes (Vs), and effective mobilities of the phases in
the system. In the case of a ternary CD system, the effective mobility of a neutral solute
is given by Eq.2.1
µsol = frb µeo + fcd1 µcd1 + fcd2 µcd2+ fcd3 µcd3

(2.1)

where the µ represents mobilities and the fs are mole fraction in a particular phase. The
value of fcd1 is given by eq 2 (similar expressions can be written for the other fs)
fcd1 =

K cd 1Vcd 1
N cd 1
=
1 + K cd 1Vcd 1 + K cd 2Vcd 2 + K cd 3Vcd 3
N rb + N cd 1 + N cd 2 + N cd 3

(2.2)

where the Ns are molar amount of analyte in the phases. Vrb is assumed to be 1 and
unchanged with addition of low concentrations of CDs. SYBYL 6.5 molecular modeling
software (Tripos Inc., St. Louis, MO) was used to determine Vcd, the approximate volume
of the CD (see Table 2.1). The mobility of the solute is then given by eq. 2.3.
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Table 2.1. CD Cavity Volumes and Mobilities

CDa
β-CD
γ-CD
CM-β-CD
HDMS-β-CD

Cavity dimensionsa
(cm x 10-8)
Average Depth
radius
4.0
5.25
4.0
3.5

6.0
6.0
6.0
7.5

Vcavc(cm3)
3.0 x10-22
5.6 x10-22
3.0 x10-22
2.7 x10-22

a

Vcd/Vrbd
(permillim
ol per liter)
1.8 x10-3
3.3 x10-3
1.8 x10-3
1.6 x10-3

µcd(cm2/Vs x 10-4)
∼5-7 (same as µeo)
∼5-7 (same as µeo)
-1.2
-4.2

Distances are from atom centers from minimized solvated structures that define
dimensions.b All the β-CDs are elliptical with the greatest effect being for the CM-β-CD,
D. S. 1. The HDMS-β-CD appears more closed off at the truncated bottom relative to the
other CDs.c Volumes computed as x average cavity radius2 × cavity depth.d Vcd/Vrb is the
factor needed to convert CD concentration (in mM) to volume phase ratio.
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µsol =

µeof + K cd 1Vcd 1µcd 1 + K cd 2Vcd 2 µ cd 2 + K cd 3Vcd 3 µcd 3
1 + K cd 1Vcd 1 + K cd 2Vcd 2 + K cd 3Vcd 3

(2.3)

Solute migration times can be calculated to simulate a separation with knowledge of
solute mobility. Systems with greater numbers of CDs yield more complicated versions
of Eq. 2.3. However, CDCE systems that employ multiple-isomer, derivatized CDs can
be complex insofar as predicting solute mobility [51,52].
The distribution coefficients shown in eq 2.3 are calculated from k′ values, which
are experimentally determined for CDCE in a manner analogous to MECC [27]. In the
case of a simple binary CDCE system with neutral cd1 and charged cd2, the observed k′
is given by eq 2.4 where the Cs are solute concentrations in the phases, t0 is assumed to
be the migration time of neutral cd1, tcd2 is migration time of charged cd2 (see
experimental section), and tm is solute migration time.
k’obs=

t −t
C cd 2Vcd 2
= m 0
C rbVrb + C cd 1Vcd 1 t (1 − t m )
0
t cd 2

(2.4)

Two experiments were performed to determine Kcd1 and Kcd2. In Experiment 1,
neutral Vcd1 is held at zero and the Vcd2 is varied by changing the cd2 concentration. A
plot of k’obs versus Vcd2/Vrb has a slope equal to Kcd2 (see eq 2.4). In Experiment 2,
charged Vcd2 is held constant and Vcd1 is varied. Equation 4 can be modified to eq 2.5.
K V
1
1 Vrb
=
+ cd 1 cd 1
k' obs K cd 2 Vcd 2 K cd 2 Vcd 2

(2.5)
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A plot of

V
K cd 1
1
versus cd 1 has the slope
. The Kcd2 values from
k' obs
Vcd 2
K cd 2

Experiment 1 can then be used to determine Kcd1. By applying eq 2.3, the mobility of a
solute can be predicted for combinations of CDs (charged and neutral) from experimental
conditions and experimentally determined K values. This treatment assumes solutes form
simple 1-to-1 complexes with CDs and the CDs act independently.
The above treatment requires knowledge of t0 and tcd2. Since the use of CDs can
result in modifications of µeo, the values of t0 and tcd2 must be determined for each
individual separation. Initially, injections of mixtures of MO, to mark t0, and the charged
CD in question were performed to establish the mobility of the CD. The indirect
detection conditions described in the Experimental Section are used for determination
(see Figure 2.2 for electrophorograms from these injections). For the purposes of this
work, it was assumed that inclusion of the background electrolyte into the CD either did
not occur or, if it occurs, charged CD mobility is not appreciably altered. Similarly, it
was also assumed that inclusion of the relatively light solute did not alter the mobility of
the charged CD. Separations using running buffers containing CDs are performed under
the same conditions (same field, E, and column length L) and the value of t0 is marked by
a solvent baseline disturbance. The value of tCd2 is determined from t0 using eq. 2.6
tcd2=

t0
1 − Ct 0

where the constant C =
mixture.

(2.6)

µ Cd 2 ,elec E
L

is determined from the injection of the MO - cd2

The µCD2,elec is the absolute value of the electrophoretic mobility of cd2. The
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Relative Absorbance

CM-β-CD, DS 1

HDMS-β-CD, DS 7

1

Time, (min)

12

Figure 2.2. Indirect UV detection electrophorograms for determination of the
mobilities of CM-β-CD and HDMS-β-CD. Running buffer: 20 mM o-phthalic acid
in 25 mM phosphate buffer at pH 5.0. Capillary: 50-µm i.d., 39/48 cm
effective/total length, uncoated fused silica. Detection wavelength: 254 nm.
Applied potential: 15 kV.
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mobility of the charged CDs is seen in Table 2.1.The mobility of charged CDs are
roughly proportional to the charge/mass ratios of the CDs.
Error Associated with k’ values
The error associated with determining k′ values can be quite large in this work,
particularly when solutes elute near the ends of the elution window, i.e., with very small
or large k′ values. Equation 2.6 can be modified and differentiated to yield eq 2.13. The
migration time for cd2 (charged CD) is given by eq 2.7
tcd2=

L
( µ eo − µ cd 2 ,elec }E

(2.7)

where µcd2, elec is the absolute value of the anodic electrophoretic mobility of cd2.
Dividing denominator and numerator by µeof E and using the relationship µeo=

L
yields
t0 E

the eq 2.8
t0

tcd2=

1 − ( µ CD 2 ,elec

(2.8)

E
)t 0
L

Equation 2.8 can be rearranged and inserted into equation 2.4 to eliminate tcd2 from k′ as
seen in eq 2.9.
k’=

tm − t0
t 0 − t m + Ct 0 t m

The derivative

(2.9)

δk '
will depend on tm, t0, and C. But eq 2.11 can be used to eliminate any
δt 0

one of these at the expense of introducing k′. Differentiation gives eq 2.10.
Ct m 2
δk '
=
δt 0 (t 0 − t m + Ct 0 t m ) 2

(2.10)
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Using equation 2.9 and squaring yields 2.11.
(Ct 0 t m ) 2
(1+k’) =
(t 0 − t m + Ct 0 t m ) 2
2

(2.11)

Comparing the right-hand side of equations 2.10 and 2.11 produces 2.12.
δk ' (1 + k ' ) 2
=δt 0
kCt0 2

(2.12)

Dividing both sides of equation 2.12 by k′ and rearranging yields equation 2.13.
δk ' (1 + k ' ) 2
=δt 0
k'
k ′Ct0 2

(2.13)

This equation provides the relative random error in determining k’ values. The
broad solvent baseline disturbance that is used to mark t0 and determine µeo in these
studies probably represents the largest element of uncertainty. This baseline disturbance
results from the samples containing an appreciable amount of methanol (see
Experimental Section). An alternate method employing an external µeo was used
successfully by Williams and Vigh [60]. That method was not employed in this work
because it was felt that in some cases the marker would coelute with a test solute in the
multicomponent sample mixture. Figure 2.3 is a plot of the relative uncertainty in
determining k′ (δk′/k′) as a function of k′. An uncertainty in t0 of 0.05 minutes is
assumed, and the value of C is 0.046 (typical value for CM−β−CD, DS 1). At k′ values
less than 0.5 or greater than 10 the relative error can exceed 20%. Replicate (n = 8)
injections of the naphthalene compounds using a running buffer containing 10 mM CMβ-CD yielded an experimental average CV in k′ values of 13% (with a high value of
49%). Most of the separations to determine k′ values were performed in duplicate. Plots
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Relative Error

0.4
0.3
0.2
0.1
0
0

5

k'

10

Figure 2.3. Plot of k’/k’ versus k’. Equation 7 with C = 0.046, t0 = 3.5 min, and t0 =
0.05 min.
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to determine distribution coefficients generally exhibited regression constants ranging
from 0.97 to 0.99. The coefficients are reported in this work with two significant figures,
although uncertainties in these determinations are significantly greater than + 1 unit in the
last significant digit.
In addition to random errors associated with determining k’, systematic errors can
occur due to association of the t0 marker with CDs in the system. Szolar, Brown, and
Luong noted errors in assigning µeo using a methanol marker of 0-8% when anionic
CDconcentrations were increased to values of 25 mM. If one assumes that the over
estimation of t0 grows to 3% as HDMS-β-CD concentration is increased to 10 mM (the
highest used in these studies), the treatment in Experiment 1 will underestimate KHDMS-βCD

by a factor of less than 1.5 (see below for values obtained without considering

overestimation). An appreciable magnitude of systematic error can also result from errors
in assigning phase volumes for the CDs (see Table 1). The K values obtained in this work
correspond to inclusion complexation constants which are a little on the high side of
normal values. This may be accounted for simply by the manner in which phase volumes
are assigned. While these potential systematic errors in K values are significant in an
absolute sense, our goal is to demonstrate and study selectivity in CDCE and to illustrate
that CE-determined K values can be used to predict separation selectivity for more
complex CDCE systems. In these instances, relative K values are most important. The
systematic errors discussed above will produce constant errors that do not alter relative
values of distribution coefficients.
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Illustrations of Selectivity
Three dual-CD systems were investigated: β-CD or -CD with CM-β-CD, DS 1,
and β-CD with HDMS-β-CD. Certain complications that arose in this work are discussed
below. Changes in µeo can occur due to running buffer viscosity effects [59] and sorption
of running buffer components on the surface of the capillary [61]. The CD concentrations
used in these studies were sufficiently low so as to cause negligible changes in viscosity.
Conversely, there was evidence of CD-capillary wall interactions. At acidic pHs (5.0
typically used), the CM-β-CD systems required rinsing (see Experimental Section) after
each injection or a significant and continuous increase in t0 was observed with each
subsequent injection. The situation was much more severe with HDMS-β-CD, and
neutral running buffer pH (7.5 typically used) was needed, in addition to the rinses, to
obtain fairly reproducible t0 values. It seems surprising that a CD with a -7 charge would
interact with a surface that exhibits an effective negative charge. Silanol densities for
SiO2 surfaces of 5 × 1014/cm2 have been reported [62]. This corresponds to average
silanol spacing of less than 5 Angstroms. Thus, simultaneous interaction of the HDMS-βCD with multiple silanol groups is possible. The interactions can be attractive hydrogen
bonding with the sulfato groups, which are known to be strong proton acceptors [63] or
Coulombic repulsion if the silanol group is deprotonated. Deprotonation of surface
silanols on silica occurs over a wide range of pH. Apparently the attractive forces
dominate at acidic pHs. At neutral pH, the percentage of ionized silanols is large enough
for the Coulombic repulsions between the silica surface and the HDMS-β-CD to reduce
surface interactions to an acceptable level. Interactions of sulfato-CDs with the surface of
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fused silica capillaries, and concomitant changes in µeo, have been noted by Vigh and coworkers [64].
Solute interactions with CDs can involve several different elements of molecular
recognition, e.g., hydrophobic interactions within the cavity, polar interactions (hydrogen
bonding, general dipole, π-system) with secondary hydroxyl groups or other substituents
on the lip of the CD, size and/or shape recognition, and chiral recognition. Six test solutes
were chosen for these studies. Four of the solutes involve different patterns of
substitution on naphthalene with moderately bulky -NO2 groups. Differences in size,
shape, and the ability to weakly hydrogen bond (as acceptor) as well as dipole
interactions are expected to be important in determining selectivity. Two other test
solutes assume the 1,5-substitution pattern but involve -CH3 substitution (eliminating the
possibility of hydrogen bonding and dipole interactions) and -OH substitution (creating
the possibility of strong hydrogen bonding interactions).
Figures 2.4 and 2.5 are CDCE separations of the six test solutes used in these
studies using β-CD/CM-β-CD and -CD/CM-β-CD systems, respectively. Among the
DNNs, the elution order is 1,3-, 1,5-, 1,8-, and 2,7-DNN. The importance of hydrophobic
interactions is indicated by the greater retention of 2,7-DNN, which has the greatest
aspect ratio of these solutes and is less likely to show polar interactions upon inclusion.
The 1,5-DMN and 1,5-DHN show greater affinity for these CDs. Possibly this is due to
strong hydrophobic and hydrogen- bonding interactions, respectively. As shown in Table
2.2, inclusion into CM-β-CD and the β-CD have distribution coefficients that are fairly
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Figure 2.4. Effect of β-CD concentration on separations of test solutes. 1, 1,3-DNN; 2,
1,5-DNN; 3, 1,8-DNN; 4, 2,7-DNN; 5, 1,5-DMN; 6, 1,5-DHN. Running buffer: 25 mM
phosphate buffer at pH 5.0 with A, 2 mM β-CD/8 mM CM-β-CD; B, 4 mM β-CD/8 mM
CM-β-CD; C, 8 mM β-CD/8 mM CM-β-CD. Other conditions as in Figure2.2 except
detection wavelength of 225 nm.
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Figure 2.5. Effect of -CD concentration on separations of test solutes. CD
concentrations: 1, 1,3-DNN; 2, 1,5-DNN; 3, 1,8-DNN; 4, 2,7-DNN; 5, 1,5-DNN;
6, 1,5-DHN. A, 2 mM -CD/8 mM CM-β-CD; B, 4 mM -CD/8 mM CM-β-CD;
C, 8 mM -CD/8 mM CM-β-CD. Other conditions as in Figure 2.4.
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similar (the former being only slightly larger), although slight differences in selectivity
were observed.
As expected, increasing the ratio of neutral to anionic CD concentrations (the CD
phase ratio) results in a steady reduction in k’. The differences in selectivity are not great
enough to cause changes in elution order as the CD phase ratio is changed (see Figure
2.4). The effect of the -CD on retention is smaller than that of the β-CD. Presumably this
is a result of greater cavity size and a less “snug” hydrophobic fit. In fact, the elongated
2,7-DNN has such a weak interaction with the -CD that as the CD phase ratio is
increased the elution order for 2,7-DNN and 1,5-DMN reverses (see Figure 2.5).
Although not demonstrated with electropherograms, the interaction of these
solutes with the HDMS-β-CD is considerably weaker (Table 2.2). Despite the larger
elution window, the weakness of these interactions and the observed selectivity
prohibited baseline resolution. Under most CDCE conditions using HDMS-β-CD, only
two or three peaks were observed, near the front of the elution window, for the six test
solutes. On the basis of the much larger K values for β-CD relative to HDMS-β-CD, one
would expect that increasing the β-CD/HDMS-β-CD phase ratio would cause all the
solutes to rapidly converge on t0. Surprisingly, this was not observed.
One possible explanation is the occurrence of hydrogen-bonding interactions
between the sulfato groups of the anionic CD and the secondary -OH groups of the
neutral CD. Thus, the effect of the “capped” β-CD in reducing k’ is diminished. Possible
evidence of this inter-CD interaction is given by the aforementioned apparent HDMS-β56

Table 2.2. Determination of Distribution Coefficients from k′ Measurements

Experiment 1

Experiment 2

Analyte

KCM-β-CD

KHDMS-β-CD

Kβ-CD

Kγ-CD

1,3-DNN

29

5

17

7

1,5-DNN

47

2

30

a

1,8-DNN

65

8

40

29

2,7-DNN

96

2

66

4

1,5-DMN

130

5

100

41

1,5-DHN

490

20

445
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a

K -CD for 1,5-DNN was not obtained due to a detectability limitation for the solute.b
Experiment 2 was performed for the CM-β-CD system. The apparent interaction of
HDMS-β-CD with the neutral CD precluded Experiment 2 with the sulfato-CD.
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CD-capillary wall interactions. Further, Terabe and co-workers used running buffers that
contain urea to minimize undesirable hydrogen bonding for additives such as CDs [61].
When we added 1.0 M urea to the running buffer, the effect of increasing the phase ratio
on reducing k’s was greater, although still less than expected. Our conclusion from these
various experiments is that the CDs are probably not acting independently for CDCE
systems that employ the HDMS-β-CD.
Determination of Distribution Coefficients
Examples of plots of k’ versus volume ratio of a charged CD (CM-β-CD) to the
running buffer (i.e., the results of Experiment 1) are shown in Figure 2.6 A. Slopes of
these plots are the distribution coefficients (Kcd2 in eq 2.5) for the solutes with the
charged CD. Similarly, Figure 6B shows a plot of 1/k’ versus neutral CD ( -CD) to
charged CD (CM-β-CD). In the case of Experiment 2, slopes can be used to compute the
distribution coefficients (Kcd1 in eq 2.5) for the solutes with the neutral CD. Good
linearity and, in the case of Figure 2.6 B, unique selectivity effects are seen in these plots.
The K values for all the solute-CD systems tested are shown in Table 2.2. The missing
data for 1,5-DNN is due to a detectability problem. The 1,5-DNN is barely detectable
with our instrumentation even near its solubility limit. The selectivity trends cited in the
above section are clearly evident in the data in this table. The elution order of two of the
six solutes can be changed by simply altering the type of cd1 and/or its concentration. It
is possible that reductions in K values for HDMS-β-CD, relative to the CM-β-CD, are
exaggerated due to the association of the t0 marker, methanol, with the former CD.
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2,7-DNN
1,8-DNN

A

1,5-DNN
1,3-DNN

1,5-DHN

1,5-DNN
1,5-DMN

B

1,3-DNN
1,8-DNN

1,5-DMN
2,7-DNN
1,5-DHN

Figure 2.6. Graphs of k’ vs VCM-β-CD, Experiment no. 1 (A) and Graph of 1/k’ vs V
CD/VCM-β-CD, Experiment no. 2 (B).
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-

Nevertheless, actual separations using the HDMS-β-CD clearly suffer from poor
retention (low capacity factors, k’s) which produced inadequate resolution. The buffer
concentration is considerably higher than the CD concentrations that are employed.
Nevertheless, it should be noted that experiments used to generate the distribution
coefficients in Table 2.2 involve running buffers with different CD concentrations and
ionic strengths. The same is true when comparing normal running buffers to those
containing background electrolyte for indirect detection. Kenndler and co-workers have
developed relationships that indicate that the effect of ionic strength on mobility can be
substantial [65].
Prediction of Separation Selectivity
The distribution coefficients in conjunction with eq 2.3 (or an expanded version)
should be useful in predicting separation selectivity for moderately complex CDCE
systems. As an initial illustration of the reliability of the predictive model, two CDCE
systems were generated using neutral β- and -CD with charged CM-β-CD. The
concentrations of the CDs were as follows: (Case 1) 2 mM β-CD, 6 mM -CD, and 8mM
CM-β-CD; (Case 2) 6 mM β-CD, 2 mM -CD, 8 mM CM-β-CD.
The calculated and experimentally observed mobilities are shown in Table 2.3.
The 1,5-DNN solute is omitted due to the aforementioned detectability problem. There is
good agreement between predicted and observed mobilities. In most cases the relative
differences are <2%. The error is slightly greater for the late-eluting solutes. This may be
due to greater random error in assigning k’ values as expressed in Figure 2.3. The
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Table 2.3. Comparison of Predicted and Experimental Mobilities, cm2/(V sec).
Case 1

Case 2

2/6/8 mM β-CD/γ-CD/CM-βCD

6/2/8 mM β-CD/γ-CD/CM-βCD

Analyte

Observed (x
10-4)

Predicted (x
10-4)

Observed (x
10-4)

Predicted (x
10-4)

EOF

4.35

4.54

1,3-DNN

4.07

4.09

4.27

4.29

1,8-DNN

3.99

3.98

4.16

4.18

2,7-DNN

3.86

3.85

4.07

4.11

1,5-DMN

3.86

3.86

4.07

4.11

1,5-DHN

3.60

3.68

3.91

4.02

CM-β-CD

3.38

3.57
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experimentally observed µeo is used with eq 2.3 to obtain the predicted values. Our
intuition based on prior work was that the two cases might show a reversal of the elution
order of the 2,7-DNN and 1,5-DMN. In fact, the prediction is for coelution in Case 2, and
this was observed. The prediction in Case 1 was for the 2,7-DNN to migrate slightly
ahead of 1,5-DMN. However, the predicted relative difference in solute mobility of
0.01/3.85 (∆µ/µave), at an efficiency (N) of ~105 plates, would yield only a resolution
[using Rs = (N/16)0.5(∆µ/µave)] of about 0.2 [6]. Indeed there was no evidence of a
separation between these components in the electropherogram. In this case, experimental
knowledge of K values permits accurate predictions.

Conclusions
Combinations of neutral (β- and -CD) and anionic single-isomer CDs are added
to CE running buffers and successfully used to separate various naphthalene compounds.
Excellent selectivity is observed for systems involving CM-β-CD, DS 1, despite a limited
elution range. In other work, HDMS-β-CD was shown to function well in separations of
charged or highly polar compounds, particularly chiral compounds [55]. However, in this
work it was shown to be less useful when used in combination with other CDs for
electrochromatographic separations of moderately hydrophobic naphthalene compounds.
Experimentally determined distribution coefficients are used to permit fairly accurate
predictions of separation behavior. Future work will involve the development of simplex
optimization methods and molecular mechanics modeling methods as allied tools in
optimizing cyclodextrin distribution capillary electrochromatographic separations.
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CHAPTER 3
EVALUATION OF A NEW SYNTHETIC AND COMMERCIAL,
SINGLE-ISOMER CYCLODEXTRINS FOR CAPILLARY
ELECTROKINETIC CHROMATOGRAHPY
Introduction
CDs are derivatized for several reasons; e.g., to vary solubility, change complexation
properties, and introduce certain functional groups [22] and there are numerous
derivatives and their applications from chromatographic to pharmaceutical in the
literature [66, 67, 68, 69, 70].
Derivatization of CDs in CE is targeted to influence complexation properties,
introduce a charged group, increase the solubility, or expand the elution window. Both
charged and neutral CD derivatives have been synthesized and employed for
electrophoretic separations of a variety of analytes [71, 72, 73]. Unfortunately, the
resulting product is a complex mixture with varying degrees and loci of substitution. The
presence of many hydroxyl groups in the CD molecule with similar reactivity
complicates the synthesis of CD derivatives as single isomer reagents. Conversely, the
use of single isomer CD derivatives in CE is highly desirable for the purpose of
modeling, strict control of separation conditions, and reproducibility [52, 74].
Fortunately, careful synthetic strategies can be devised for the synthesis of single isomer
CD derivatives [21]. As an example of one approach, the primary hydroxyl groups can
be initially protected regioselectively. Subsequently, the secondary hydroxyl groups are
protected to produce the desired selectivity and to prevent them from fuctionalization
during further synthetic steps. Then, the primary hydroxyl groups are de-protected and
fully functionalized with a charged group. Following this type of strategy, Vigh and
coworkers successfully synthesized a series of highly charged, single-isomer, sulfato CDs
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that were shown to be superior reagents for separations of a variety of chiral molecules
[52, 55, 60].
Reported in this chapter is the synthesis of heptakis (6-O-carboxymethly-2,3dimethyl)-β-cyclodextrin (HCM-β-CD) and illustration of its utility for separations of
variety of analytes. First, the separation performance of HCM-β-CD was compared to the
results obtained from commercially available single-isomer negatively charged
cyclodextrins,

heptakis(2,3-dimethyl-6-sulfato)-β-cylodextrin

(HDMS-β-CD)

and

carboxymethyl β-cylodextrin (CM-β-CD) with degree of substitution one (DS 1), by
using eight positional isomers of dihydroxy naphthalene (DHNs). Further, four
hydroxylated polychloro biphenyl (PCB) congeners, a group of chiral and isomeric
catchecins, and chiral binaphthyl compounds were successfully separated. The limitations
and advantages of all these charged CDs are discussed in terms of separations, capillary
surface and inter-CD interactions, and molecular modeling.

Experimental
The synthesis of Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl) cyclomaltoheptaose
The synthetic scheme to produce HCM-β-CD is shown in Figure 3.1.

13

C, 1H, and

two-dimensional NMR experiments, i.e. COSY and HSQC, were performed using Varian
Inova 600 MHz and Mercury 300 MHz NMR instruments for the characterization of the
materials.

The

13

C and 1H NMR experiments were performed using standard added

solvents and the standard peak was taken as reference peak.
Heptakis(6-O-tert-butyldimetylsilyl)cyclomaltoheptaose (1): β-cyclodextrin was treated
with tert-butyldimethylsilylcholride according to the previously reported procedure [75].
13

C NMR (CDCl3). δ (ppm): 101.8 (C-1); 81.6 (C-4); 73.6 (C-2); 73.4 (C-3); 72.5 (C-5);

61.6 (C-6); 25.9 [C(CH3)3]; 18.3 [C(CH3)3]; -4.7 and 5.09 [(CH3)2Si] (Figure 3.2). 1H
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NMR (CDCl3). δ (ppm): 4.90 (d, J1,2 3.6 Hz, H-1), 0.90 [s, 7 (CH3)3C], and 0.02 [s, 7
(CH3)2Si] (Figure 3.3).
Heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)cyclomaltoheptaose

(2):

Intermediate 1 was methylated by first treating it with NaH and then with methyl iodide
as previously described [76]. This product was purified by gradient elution preparative
column chromatography on silica gel using n-hexane/ethyl acetate. 13C NMR (CDCl3). δ
(ppm): 98.0 (C-1); 82.1 (C-4); 82.0 (C-2); 78.6 (C-3); 72.1 (C-5); 62.3 (C-6); 61.5 (OCH3); 58.6 (O-CH3); 25.9 [C(CH3)3]; 18.3 [C(CH3)3]; -4.7 and -5.09 [(CH3)2Si] (Figure
3.4). 1H NMR (CDCl3). δ (ppm): 5.18 (d, J1,2 3.3 Hz, H-1), 3.65 and 3.50 (2s, C-2, C-3,
OCH3), 0.85 [s, 7 (CH3)3C], and 0.00 [s, 7 (CH3)2Si] (Figure 3.5).
Heptakis(2,3-di-O-methyl)cyclomaltoheptaose (3): The chromatographically purified
intermediate product 2 was treated with NH4F overnight to remove the tertbutyldimethylsilylcholride [77]. The obtained product 3 was purified by gradient elution
preparative column chromatography on silica gel using chloroform/methanol.
Heptakis(2,3-di-O-methyl)cyclomaltoheptaose (3):13C NMR (D2O). δ (ppm): 101.4 (C1); 83.8 (C-4); 83.2 (C-2); 82.7 (C-3); 74.5 (C-5); 62.7 (C-6); 63.4 (O-CH3); 60.4 (OCH3) (Figure 3.6). 1H NMR (D2O). δ (ppm): 5.13 (d, J1,2 3.3 Hz, H-1), 3.44 and 3.35 (2s,
C-2, C-3, OCH3) (Figure 3.7).
Heptakis(6-O-ethoxycarbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose

(4):

Compound 3 was treated with ethyl diazoacetate in the presence of boron tri-fluoride
[77].

The

resultant

chloroform/methanol.

13

material

was

chromatographed

on

silica

gel

using

C NMR (CDCl3). δ (ppm): 98.8 (C-1); 81.8 (C-2); 81.5 (C-3);

80.3 (C-4); 70.7 (C-5); 68.4 (C-6); 61.2 (O-CH3); 58.2 (O-CH3); 70.4 (O-CH2); 60.2
(CH2CH3); 13.9 (CH2CH3); 169.9 (CO-O) (Figure 3.8). 1H NMR (CDCl3). δ (ppm):
5.18 (d, J1,2 3.0 Hz, H-1), 3.20 (q, J2,3 13.2 Hz, H-2), 3.85 (q, J5,6 5.4 Hz, H-5), 3.95 and
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Figure 3.1. The synthesis scheme for heptakis(2,3-dimethyl-6-carboxy)-β- cyclodextrin.
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Figure 3.2. 13C NMR Heptakis(6-O-tert-butyldimetylsilyl)cyclomaltoheptaose
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Figure 3.3. 1H NMR of Heptakis(6-O-tert-butyldimetylsilyl)cyclomaltoheptaose
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Figure 3.4. 13C NMR of Heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)cyclomaltoheptaose.
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Figure 3.5. 1H NMR of Heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)cyclomaltoheptaose.
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Figure 3.6. 13C NMR of Heptakis(2,3-di-O-methyl)cyclomaltoheptaose
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Figure 3.7. H NMR of Heptakis(2,3-di-O-methyl)cyclomaltoheptaose.
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Figure 3.8. 13C NMR of Heptakis(6-O-ethoxycarbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose.

3.86 (H-6a and H-6b), 4.18 (-O-CH2-), 4.18 and 1.26 (-CH2-CH3), 3.65 and 3.51 (C-2, C3, OCH3) (Figure 3.9).
Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose (5): The ester units in
intermediate 4 were hydrolyzed by treatment with 1 M KOH solution [77]. The final
product 5 was collected as a potassium salt, and passage of the product through Dowex
50W-X4 column until the eluent is neutral provides the carboxylic acid.

13

C NMR (d-

DMSO). δ (ppm): 98.0 (C-1); 81.8 (C-2); 81.6 (C-3); 79.6 (C-4); 70.9 (C-5); 68.3 (C-6);
70.1 (-O-CH2-); 58.1 and 61.1(2 X O-CH3); 171.9 (CO-O) (Figure 3.10). 1H NMR (dDMSO). δ (ppm): 5.11 (d, H-1), 3.03 (q, J2,3 7.2 Hz, H-2), 3.31 (H-3), 3.52 (H-4), 3.65 (q
7, H-5), 3.89 and 3.67 (H-6a and H-6b), 4.62 (-O-CH2-), 3.47 and 3.36 (C-2, C-3, OCH3)
(Figure 3.11). In addition, Figure 3.12 and 3.13 shows the two dimensional (13C-1H)
spectra of 4 and 5, respectively. These spectra were used for inspection of the impurities
and other isomers complementary to the indirect detection.
MALDI-TOF Mass Spectroscopy
Mass spectral data were obtained with a Voyager DE TOF (PerSeptive
Biosystems, Framingham, MA). The following conditions were used for MALDI-TOF
experiments: reflectron mode, 20 kV accelerating voltage, 75% grid voltage, 0.050 guide
wire voltage, and 140 µs delay time. 2,4,6-Trihydroxyacetophenone (THAP) was used as
matrix for the experiments. A 10 mg/ml stock solution of matrix components was
prepared in chloroform. An aliquot (~10 µl) of this stock solution and CD derivative
solution were mixed and applied onto the target stage.
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Figure 3.9. H NMR of Heptakis(6-O-ethoxycarbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose
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Figure 3.10. 13C NMR of Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose
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Figure 3.11. 1H NMR of Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose
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Figure 3.12.

13

C-1H Spectrum Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose.
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Figure 3.13. 13C-1H NMR of Heptakis(6-O-carbonylmethyl-2,3-di-O-methyl)cyclomaltoheptaose

Materials
Sodium hydride, ethyl diazoacetate, boron trifluoride, methyliodide, ammonium fluoride,
potassium

hydroxide,

Dowex

50W-X4,

1,5-,

1,6-,

1,7-,

2,3-,

2,6-,

2,7-

dihydroxynaphthalene (1,5-, 1,7-, 2,3-, 2,6-, 2,7-DHN), and (±)-1,1’-Bi-2-naphthol were
obtained from Aldrich Chemical Co. (Milwaukee, WI). 1,4-DHN and phthalic acid were
obtianed from Eastman Chemical Co. (Rochester, NY) and 1,3-DHN was obtained from
and Pfaltz & Bauer Co. (Stamford, Conn.). β-CD, (+)-catechin ©, (-)-epicatechin (EC), ()-epigallocatechin (EGC) and Tris[hydroxymethyl] aminomethane (Tris) were obtained
from Sigma Chemical Co. (St. Louis, MO). 4-hydroxy-2-chlorobiphenyl (4-OH-2-PCB),
4-hydroxy-3-chlorobiphenyl (4-OH-3-PCB), 2-hydroxy-2,5-dichlorobiphenyl (2-OH-2,5PCB), and 3-hydroxy-2,5-dichlorobiphenyl (3-OH-2,5-PCB) were obtained from
AccuStandard, Inc. (New haven, CT). Carboxymethyl-β-cyclodextrin (CM-β-CD), and
the sodium salts of heptakis-(2,3-dimethyl-6-sulfato)-β-cyclodextrin (HDMS-β-CD) were
obtained from Regis Technologies, Inc. (Marton Grave, IL). The CE buffers were
prepared with distilled, deionized water and reagent grade NaH2PO4 (Sigma), and
adjusted to the required pH with NaOH or H3PO4. Phthalic acid was obtained from
Eastman-Kodak (Rochester, NY).
Procedure for Preparation of Running Buffer
A common running buffer (10 mM phosphate, 8 mM CD, pH 5.0) was used as the
basis for all CE separations. Although the phosphate buffer has weak buffer capacity at
pH 5.0, the separation of the analytes was best at this pH. Fresh running buffer was
frequently used to offset changes occurring in pH with run times. The identity of the CD,
however, was varied throughout with the exception of the buffer used for indirect
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detection. The pH of the solutions was adjusted with dilute NaOH or H3PO4, and
monitored with an Orion Model SA520 pH meter operating under a two-standard
calibration. The running buffer was sonicated, filtered through a 0.22 µm nylon filter, and
finally placed under vacuum to remove dissolved gases. To slow the growth of
microorganisms, solutions were stored in the refrigerator.
Sample Preparation
The samples were prepared by pipeting small amounts of the analytes in water (or in
aqueous methanol stock solutions if not sufficiently soluble in water) into the running
buffer. Figure 3.14 shows the analytes used in this study. The sample solutions contained
solutes at concentrations ranging from 10-6 to 10-5 M. Methanol was not used in the
running buffer.
Measurement of EOF
In order to investigate the degree of apparent CD-capillary wall interactions and their
consequences on EOF, 8 mM solutions of HCM-β-CD and HDMS-β-CD in 10 mM
NaH2PO4 at pH 5.0 were prepared and mestiyl oxide (MO) was injected as a neutral
marker three times without any flush procedures between injections. The run time for
each injection was 20 min. The ionic strength of the HCM-β-CD and HDMS-β-CD
solutions was matched by adding an appropriate amount of solid NaCl and monitoring
the current.
Apparatus
All CE experiments were performed using a Hewlett Packard HP3DCE automated
capillary electrophoresis instrument interfaced to a HP Pentium I personal computer.
Fused silica capillaries (50 µm i.d. x 360 µm o.d.) were obtained from Polymicro
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Figure 3.14. The structure of the analytes used to test separations.

82

OH

Technologies, Inc. (Phoenix, AZ). The capillaries were cut to a total length of 48 cm,
and approximately 1 cm of polyamide coating centered at 39.5 cm was removed to create
an optical detection window.
Separation Conditions
Injection was achieved by the application of 10 mbar of pressure for 6 seconds to
the inlet buffer vial. The applied potential for all CE experiments was 15 kV. UV
absorbance detection was performed at wavelengths ranging from 205 to 254 nm for all
the test solutes. All experiments were conducted at room temperature (24 ± 1 oC).
Indirect Detection for the Determination of Mobility and Isomeric Purity of Charged
CD
Because CDs do not absorb radiation appreciably in the UV region, indirect
detection was used to determine both the electrophoretic mobility and isomeric purity of
synthesized HCM-β-CD. A 20 mM aqueous solution of phthalic acid was prepared and
its pH was adjusted to 8.5 with Tris. The buffer was sonicated, filtered and degased as
described above. A 600 V/cm field was applied and absorbance was monitored at 254
nm. The injection conditions were identical to those described above. The
electrophorogram for indirect detection is shown in Figure 3.15.
Safety
Because almost all solutes are severe irritants and their effects on living
organisms are not known, caution should be exercised while working. Disposable gloves
were worn while working with them and waste sample solutions were disposed of
properly.
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Figure 3.15. Indirect detection of HCMCD (see Experimental section for details).
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Results and Discussions
The presence of chemically similar hydroxyl groups at the 2-, 3-, and 6-carbon
positions of CDs makes their selective modification difficult. The hydroxyl groups at the
6- position are less hindered than the ones at the 2-, and 3- positions. Of these, the
hydroxyl groups at the 3- position are least accessible. The subtle reactivity difference at
6-, and the 2- and 3- positions can be used for selective modification of CDs with the use
of regioselective reactions.

The C-6 hydroxyl groups can selectively react with

electrophilic reagents such as tert-butyldimethylsilyl chloride (TBDMSCl) under
anhydrous conditions due to their easier accessibility [21]. Even though this reagent
targets the hydroxyl groups at the 6- position, its use in excessive amount results in
undesired modification of the hydroxyl groups at the other positions, particularly at C-2.
After the hydroxyl groups at the 6- position are blocked, the hydroxyl groups at the 2-,
and 3- positions can be fully reacted with groups that impart the desired selectively.
Optimization of the reaction conditions such as temperature, choice of reagent, and
solvent is important. Note that the cyclodextrins can form complexes with reagents used
for modification reactions.
We have previously used neutral CDs in conjunction with anionic CDs for CE
separations of neutral analytes [51, 78].

Since separations were governed by the

distribution of the analytes between the various types of CDs in the running buffer, we
refer to this technique as cyclodextrin distribution CE (CDCE). In principle, CDCE
allows for fine-tuning of the running buffer to achieve optimal separations.

The

distribution of solutes between charged and anionic CDs, under the influence of
electroosmotic flow (EOF), can be controlled by adjusting the relative concentrations of
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the CDs employed.

A wide elution window is desired, and this can be accomplished

when the charged CD has a large mobility (possesses a large negative charge) and EOF is
made moderately slow by using running buffers in the acidic pH range.
Although the sulfato-based single isomer CDs provide for elegant separations of
many species [52, 79, 80, 81], a few problems were encountered when they were used
with the CDCE technique for separations of moderately hydrophobic analytes. First, at
the pHs that produced desirable elution windows, EOF was erratic and generally
decreased dramatically with time.

We and other researchers have ascribed this to

interactions between the charged CD and the capillary wall [82. 83, 84 ], thereby
influencing the zeta potential that governs the magnitude of EOF. For example, it was
found that using a running buffer employing 8 mM HDMS-β-CD at pH 5, a neutral EOF
marker (MO) increased in migration time from 4.4 to 9.6 to 15.9 minutes for three
injections made in succession. When single injections are performed or higher pHs are
used the flow irregularity may not be problematic. However it was observed that even
long rinses with solutions that normally work to restore flow were not effective when
employing sulfato CDs in the running buffer used in this work.
The wall interaction problem may be related to the very strong hydrogen-bonding
capabilities of the sulfato groups. This property may have been responsible for a second
problem that was encountered. When using the CDCE technique, predicable separation
effects require that the CDs do not strongly interact with each other; i.e., the CDs must
act independently to influence analyte migration. However, CDs in aqueous systems are
known to weakly aggregate through a network of weak hydrogen bonds [85]. For CDCE,
as neutral CD concentration is increased relative to charged CD, analytes increasingly
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interact with the more rapidly migrating (at EOF rate) neutral CD and the observed
analyte migration times decrease. However, it was observed that for analytes known to
interact with β-CD, increasing β-CD concentration relative to HDMS-β-CD in CDCE
had little effect on the observed migration times. It was postulated that interactions
between the sulfato groups of the charged CD and the secondary hydroxyls of the β-CD
could limit access to the cavity of the CD.
The single-isomer HCM-β-CD was synthesized as described in the experimental
section.

13

C and 1H NMR chemical shifts of intermediates and final purified product

were found to be in good agreement with previously reported chemical shifts [75, 76, 77].
The isomeric purity of the first three intermediates were monitored with MALDI-TOF
MS and the isomeric purity of fourth (4) and final charged CD were monitored with
indirect detection and two-dimensional NMR experiments. As seen in Figure 3.15,
HCM-β-CD was obtained as a major single isomeric product. A careful inspection of
two-dimensional NMR (COSY, i.e. 1H-1H and 1H-13C, and HSQC) spectra revealed that
there were minor amounts of impurities in the final product. It was concluded that these
impurities are mostly neutral species that elute with EOF and small amounts of
incompletely modified CDs in the synthetic pathway.

The presence of a fluorescing

impurity (not revealed in any techniques used in this study) prevented the use of HCM-βCD for laser induced fluorescence detection, which is necessary for sensitive detection of
analytes of very low solubility such as dioxins and aflatoxins.
The inspection of the MALDI-TOF MS spectrum of the first intermediate (1)
revealed that hydroxyl groups at the C-6 position were successfully protected (see Figure
3.16). Besides, the quasimolecular ion clusters at 2070.83 and 2086.78 show that the
87

M + Na+

M + K+

M + TBS+Na+
M + TBS+K+

Figure 3.16. High resolution MALDI-TOF mass spectrum of heptakis(6-O-tertbutyldimetylsilyl)cyclomaltoheptaose (1) in THAP as matrix using chloroform as
matrix solvent. Calculated and measured base-isotope m/z values: Na+ quasimolecular
ion cluster, m/zcal=1955.97, m/zmeas=1956.69; K+ quasimolecular ion cluster,
m/zcal=1972.07, m/zmeas=1972.62. Note that sodium and potassium adducts of
oversilylated is also present; Na+ quasimolecular ion cluster, m/zmeas=2070.83, K+
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intermediate was oversilylated. The mass difference between the base peaks of the
clusters at 2070.83 and 1956.69 is 114.14, which corresponds to one TBDMS unit. This
indicates that only one secondary hydroxyl group of seven units of β-CD was reacted
with TBDMSCl, i.e. there are two secondary hydroxyl groups on each unit at C-2 and C3 position. Considering accessibility of the hydroxyl groups at the C-2, and C-3, it can be
concluded that oversilylation was with a hydroxyl group at the C-2 position. The spectra
of intermediates 2 and 3 showed that the intermediates were obtained as single isomers
(see Figure 3.17 and 3.18). Table 1 shows the calculated and measured base-isotope m/z
values for three intermediates. The possible interactions of HCM-β-CD with the capillary
wall or neutral native CD were also experimentally evaluated. Using the same procedure
described in the EOF delay experiment, tests were performed using a 8 mM HCM-β-CD
running buffer. The neutral EOF marker (MO) was found to increase in migration time
from 5.87 to 6.19 to 6.37 minutes for three injections made in succession. Thus, the MO
peak was delayed about 9% with the use of HCM-β-CD, but 350% with the use of
HDMS-β-CD as the running buffer additive (see above).

These results show that

interaction of HCM-β-CD with the capillary wall is less severe than those interactions
experienced when using HDMS-β-CD.
A CDCE system was applied to the separation of DHNs. Figure 3.19 is a
separation employing 8 mM of both β-CD and HCM-β-CD. Association with the β-CD,
which is migrating with EOF, should decrease the migration time of the solutes. Also, a
large enough ratio of neutral to charged CD should converge the analytes on to. By

89

M + Na+

M + K+

Figure 3.17. High resolution MALDI-TOF mass spectrum of heptakis(6-O-tertbutyldimetylsilyl-2,3-di-O-methyl)cyclomaltoheptaose (2) in THAP as matrix using
chloroform as matrix solvent. Calculated and measured base-isotope m/z values: Na+
quasimolecular ion cluster, m/zcal=2152.18, m/zmeas=2152.46; K+ quasimolecular ion cluster,
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M + Na+

M + K+

Figure 3.18. High resolution MALDI-TOF mass spectrum of Heptakis(2,3-diO-methyl)cyclomaltoheptaose (3) in THAP as matrix using chloroform as
matrix solvent. Calculated and measured base-isotope m/z values: Na+
quasimolecular ion cluster, m/zcal=1353.58, m/zmeas=1354.05; K+ quasimolecular
ion cluster, m/zcal=1369.69, m/zmeas=1370.02.
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Table 3.1. Calculated and measured m/z values for Na+ and K+ quasimolecular ions of
intermediates 1-3.
Intermediate
1
2
3

Na+ cluster
m/zcal
m/zmeas
1955.97
1956.69
2152.18
1252.46
1353.58
1354.05
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K+ cluster
m/zcal
m/zmeas
1972.07 1972.62
2168.29 1268.36
1369.69 1370.02

comparison of Figure 3.19B with Figure 3.20 it is clear that such control of separation
behavior is possible with a CDCE system employing HCM-β-CD.
The resolving power of CDCE is critically dependent on the size of the elution
window. The elution window for charged CD resolving agents can be defined as the time
between t0 (the migration time of analytes in the absence of charged CD) and tch (the
migration time of the charged CD). A broad elution window facilitates separations of
neutral species involving charged CDs. As seen in Figure 3.15, indirect detection reveals
the elution window of HCM-β-CD is reasonably large. It should be noted that Figure
3.15 also indicates that the purity of material is very high.
A variety of structural isomers and chiral analytes were chosen to evaluate the
efficacy of HCM-β-CD as a resolving agent in capillary electrochomatography. These
compounds are neutral at the running buffer pHs used in these experiments. Most of the
analytes have a hydrophobic moiety that should fit into the cavity, and a substitution
pattern, which should also allow inclusion. Therefore, it is reasonable to expect some
separation of these structurally similar, neutral species using charged CDs as resolving
agents. Figure 3.19 shows the separation of 8 DHNs with CM-β-CD (A), HCM-β-CD
(B), HDMS-β-CD (C). The singly charged CM-β-CD, which produces a narrow elution
window, was not very effective at separating the 8 DHNs despite what are reasonably
large inclusion constants for these analytes. However, six well-resolved peaks for the
eight DHNs were generated with HCM-β-CD. A CDCE system was also applied to the
separation of DHNs (Figure 3.20). The elution order shown in Figure 3.19B provides an
indication of the relative affinity of the DHNs for the HCM-β-CD cavity. 2,3-DHN was
the species with the greatest exposure of the naphthalene moiety and eluted last (greatest
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Figure 3.19. The separation of eight isomers of dihyroxynaphthalene (DHNs) with (A)
CM-β-CD, (B) HCM-β-CD, (C) HDMS-β-CD. The running buffer: 8 mM CD in 10 mM
phosphate buffer at pH 5.0. Capillary 50 µm i.d., 39/48 cm effective/total length.
Detection wavelegth: 225 nm. Applied voltage:15 kV.
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Figure 3.20. The effect of the addition of 8 mM β-CD into 8 mM HCM-β-CD containing
a running buffer on the separation of DHNs. The separation conditions are the same as
described for Figure 3.19.
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affinity for the CD cavity). Conversely, hydroxyl groups in the 1 and 4 positions reduced
the apparent binding constant of 1,4-DHN in HCM-β-CD. 1,4-DHN may be sterically
hindered from penetrating deep into the HCM-β-CD cavity. The co-eluting analytes 1,6-,
2,6-, and 2,7-DHN are the isomers where hydroxyl groups are separated by the greatest
distance across the naphthalene moiety. The binding constants of these solutes are too
similar to provide discrimination by HCM-β-CD under these conditions. The selectivity
of HDMS-β-CD is poorer than HCM-β-CD. Due to the difficulty of reconditioning of the
capillary during the multiple injections, and the fact that only 5 peaks appeared out of 8
components in the mixture, the DHN peaks were not identified for the HDMS-β-CD
case.
In order to further demonstrate the separation performance of HCM-β-CD, three
groups of analytes were injected. As seen in Figure 3.21A, four hydroxylated PCB
congeners: 4-OH-2-PCB, 4-OH-3-PCB, 2-OH-2,5-PCB, and 3-OH-2,5-PCB were
successfully separated with the use of 8 mM HCM-β-CD in the running buffer. The fist
two congeners differ in the position of the chlorine atom and last two congeners differs
with the position of the hydroxyl group. Despite their close structural similarity, all of
the four congeners were successfully resolved. Figure 3.21B shows the separation of
three green tea catechins: (+)-catechin ©, (-)-epicatechin (EC), and (-)-epigallocatechin
(EGC). As seen in Figure 3.14, C and EC are chiral and EGC has one additional
hydroxyl group on the phenyl ring. Surprisingly good separation of C and EC was
observed with EGC eluting as a shoulder very close to, but later than C. The final group
contained chiral (±)-1,1’-Bi-2-naphthols (see Figure 3.21C). These analytes have two
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Figure 3.21. Separation of hydroxy PCBs (A), a group catechins (B), and (±)-1,1′-Bi-2Naphthols (C). The separation conditions are the same as described for Figure 3.19.
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naphthalene moieties with one hydroxyl group attached to each naphthalene moiety. As
seen, the separation of these chiral analytes was very successful.

Conclusions
The data presented in this chapter show that it is possible to use this highly
charged, single-isomer carboxylated CD for the separations of a variety of analytes.
HCM-β-CD was shown to be less problematic with regard to capillary wall and neutral
CD interactions than the highly charged sulfated CD. From the separation results it is
evident that HCM-β-CD is a useful resolving agent for electrophoretic separations of
many chiral and achiral analytes.
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CHAPTER 4
CHARACTERIZATION AND EVALUATION OF HYDROPHOBIC
CYCLODEXTRIN DERIVATIVES AS THIN FILM COATINGS FOR
SENSOR APPLICATIONS
Introduction
The sensing layer is one of the most critical components in sensors due to the role
it plays in signal generation. The generated signal is influenced by the selective
interaction of analyte with sensing layer. In a typical surface-sensitive transducer, such
as a quartz crystal microbalance (QCM), surface plasmon resonance (SPR) instrument, or
microcantilever (MC) sensor, the first stage of the signal generation is the selective
interaction of analytes with the modified surface via absorption or adsorption
mechanisms. The transducer responds to the interaction and generates measurable
electronic, optical, or mechanical signals. Proper sensor response in complex matrices is
crucially dependent on selectivity of the modified layer. Furthermore, the presence of
such a layer in some sensors may also serve to prevent deterioration of sensor surfaces by
air oxidation and exposure to chemically harsh environments. Therefore, it increases the
lifetime of the sensor. For example, a hydrophobic polymer can function as a protective
layer to inhibit the oxidation of silver island films in Surface Enhanced Raman
Spectroscopy (SERS) based sensors [86]
The sensing layers can be prepared with chemical attachment of small molecules
as self assembled monolayers (SAMs), the growing of polymers on the surface, or
physical deposition of polymers and molecular imprinted polymers (MIPs) as thin films
[87, 88]. The use of molecules with chemical recognition properties in preparation of
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surfaces may further enhance the sensing capability [89]. Cyclodextrins (CDs),
calixarenes and crown ethers are well known classes of molecules with desirable
molecular recognition properties, and they are widely used for sensor applications either
as SAMs or incorporated into a polymeric structure [90, 91, 92, 93, 94]. Among them,
CDs have attracted considerable attention because they posses a truncated relatively
hydrophobic cavity with molecular recognition properties and are able to selectively bind
analytes through the formation of inclusion complexes. Furthermore, the physical
properties of CDs can be tuned by chemical modification of their hydroxyl groups at the
C-2, C-3, and C-6 positions of the sugar molecules constituting the macrocycle. In recent
years, several derivatives of CDs have been synthesized in order to enhance their physical
and complexation properties in chromatographic [65, 66] and non-chromatographic
applications [69, 70].
Native and most derivatized CDs are relatively hydrophilic and unstable at high
temperatures [95]. Consequently, it is not possible to evaporate CDs without degradation.
However, chemical attachment of certain groups to the hydroxyl groups of native CDs
may increase the temperature stability and volatility. Trotta et al. studied the thermal
stability of β-CD and its derivatives with thermalgravimetry (TG) [95]. They found that
native β-CD starts to degrade around 250 oC. They also reported that the attachment of
polar groups with hydrogen bonding ability decreases the degradation temperature of the
β-CD derivatives. In the work reported herein the hydroxyl groups at C-2 and C-3
positions of β-CD were comprehensively derivatized with methyl or acetyl groups and
hydroxyl groups at C-6 positions were derivatized with a bulky tert-butyldimethylsilyl
(TBDMS) group. Similar derivatives have also been used for preparation of gas
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chromatography stationary phases and proved to be moderately temperature stable and
versatile chiral stationary phases for separation of enantiomers when diluted in
polysiloxanes [96, 97].
Preparation of a stable, defect free, and uniform organic thin film with current
methods such as spin-coating, dip-coating, and spray-coating is still a challenge (98). The
physical vapor deposition (PVD) method is based on heating materials under vacuum and
is often used for deposition of metals such as gold and silver on surfaces as thin layers.
This method is easy to operate and PVD deposited thin films are generally uniform and
defect free. However, there are two critical requirements for the deposition of organic
molecules on surfaces with the PVD method. These are volatility and thermal stability of
the organic molecules of interest.
This chapter presents the synthesis of two hydrophobic cyclodextrin derivatives,
heptakis(2,3-O-dimethyl-6-O-tert-butyldimethylsilyl)-β-CD

(HTBDMSDM-β-CD),

heptakis(2,3-O-diacetyl-6-O-tert-butyldimethylsilyl)-β-CD (HTBDMSDA-β-CD), their
PVD deposition, and preliminary characterization and evaluation for use as thin film
coatings in chemical sensor applications.

Experimental
Synthesis
The synthesis procedure for hydrophobic CD derivatives used in this study is
illustrated in Figure 4.1.
Heptakis(6-O-tert-butyldimetylsilyl)-β-CD (1): β-cyclodextrin was treated with tertbutyldimethylsilylchloride (TBDMSCl) according to the previously reported procedure
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[75].

13

C NMR (CDCl3). δ (ppm): 101.8 (C-1); 81.4 (C-4); 73.6 (C-2); 73.4 (C-3); 72.6

(C-5); 61.7 (C-6); 25.9 [C(CH3)3]; 18.3 [C(CH3)3]; -4.7 and 5.09 [(CH3)2Si]. 1H NMR
(CDCl3). δ (ppm): 4.90 (d 7H, J1,2 3.6 Hz, H-1), 0.90 [s, 63 H, 7 (CH3)3C], and 0.02 [s 42
H, 7 (CH3)2Si].
Heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)-β-CD: Intermediate 1 was
methylated by first treating it with NaH and then with methyl iodide as previously
described [76]. This product was purified by gradient elution preparative column
chromatography on silica gel using n-hexane/ethyl acetate. 13C NMR (CDCl3). δ (ppm):
98.0 (C-1); 82.1 (C-4); 82.0 (C-2); 78.6 (C-3); 72.1 (C-5); 62.3 (C-6); 61.5 (O-CH3); 58.6
(O-CH3); 25.9 [C(CH3)3]; 18.3 [C(CH3)3]; -4.7 and -5.09 [(CH3)2Si].
Heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-acetyl)-β-CD:

Intermediate

1

was

acetylated by dissolving the intermediate in mixture of acetic anhydride and pyridine and
stirring for 4 hours at 100 oC [76] ] 13C NMR (CDCl3). δ (ppm): 170.5 and 169.6 (C=O),
96.7 (C-1), 75.4 (C-4), 71.9, 71.7, and 71.3 (C-2, C-3, C-5), 61.9 (C-6), 25.9 [(CH3)3C],
20.9 and 20.7 (COCH3), 18.3 [(CH3)3C], and –5.0 and –5.2 [(CH3)2Si].

Materials
Tolazoline hydrochloride and ephedrine hydrochloride were obtained from
Aldrich (Milwaukee, WI). Benzene, benzoic acid and phenol were bought from Fluka
(Switzerland), J. T. Baker Chem. Co. (Phillipsburg, NJ), and Mahinckrodt Chemical
Works, St. Louis, MO), respectively.
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Figure 4.1. The synthesis scheme for (1) heptakis(6-O-tert-butyldimetylsilyl-2,3di-O-methyl)-β-CD and (2) heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-acetyl)-β-CD.
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Physical Vapor Deposition (PVD)
The depositions were carried out in a PVD vacuum chamber (Cooke Vacuum
Products, Model CVE 301, South Norwalk, CT) at a pressure below 10-6 Torr. Prior to
the deposition, the glass slides were cleaned by dipping into a saturated KOH solution in
ethanol for 30 min and flushing with distilled water and finally with methanol. A 15 nm
thick chromium or titanium layer was first deposited on the glass slide to improve the
adhesion of gold. Subsequently, a 50 nm thick gold layer for SPR and a 10 nm thick
silver layer for SERS experiments were deposited. The thin film coatings in the range of
50-55 nm for SPR and 600 nm for SERS experiments were deposited on these prepared
slides. During the deposition, a slowly increasing current was applied to the sample boat
electrodes. By heating under vacuum, the sample was evaporated and deposited on the
surface. The applied maximum current for each CD derivative was found by the trial and
error method. After the PVD process, the sample holder was visually inspected for
evidence of CD decomposition. If the temperature was not controlled carefully, some
degraded brownish material (char) at the bottom of the sample holder was observed. The
thickness of the deposited materials was monitored using the QCM internal to the PVD
apparatus. For the deposition of CD derivatives, two types of sample holders were
employed, cone shaped and cylindrical shaped with a flattened bottom. The use of latter
sample holder resulted in more uniform thin films. The thickness of the thin films ranged
from 90 to 110 nm after bringing the pressure of the vacuum chamber to atmospheric
pressure. The swelling of the thin films (increase in thickness when vacuum was brought
to atmospheric pressure) of the CD derivative was observed from the QCM monitor.
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NMR Experiments
13

C and 1H experiments were performed using a Varian Mercury 300 MHz NMR

instrument. Approximately one µm thick films of HTBDMSDM-β-CD and
HTBDMSDA-β-CD were deposited onto a petri dish. Then, this deposited thin film was
washed off with d-chloroform into an NMR tube and NMR experiments were performed.
FT-IR Experiments
FT-IR experiments were performed with a BIO-RAD model FTS 60A model
instrument in reflectance mode of operation. Background subtraction was performed
before each measurement using the same gold surface. A 1 µm thick film of both
derivatives was deposited on a gold surface and the FT-IR spectrum was taken. In order
to compare FT-IR spectra of CD derivatives before and after the PVD process, a small
amount of both CD derivatives was dissolved in chloroform and about 500 µl of this
solution was spotted on gold surface. After the chloroform was evaporated, the FT-IR
spectra of the derivative were taken.
Contact Angle Measurement
The contact angle measurements were performed by spotting 10 µL d.i. water on
thin films possessing the same thickness (50 nm), taking the picture of the water droplet
with a digital camera, and measuring the droplet angle manually from the edge of the
droplet.
Ellipsometry Experiments
Ellipsometry experiments were performed using an EL X-02C High Precision
Ellipsometer (Germany) instrument. A silicon wafer was etched with HF solution and
400 nm thick films of HTBDMSDM-β-CD or HTBDMSDA-β-CD were deposited by
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PVD. By projecting the layers as Air/CD/SiO2/Silion, the thickness of the thin films at
five different spots was measured and averaged.
SPR Experiments
Surface plasmon resonance measurements were carried out using a custom-made
instrument with a Kretschmann optical configuration [99]. This experimental setup
consisted of a miniature GaAs laser (5 mW, 665 nm) as a light source, a precision
goniometer(Oriel) driven by a stepper motor (Arrick) for the sample rotation stage, an
equilateral triangle prism (Mellis Griot), and a large area Si photodiode detector. A
custom-built, small volume flow-through cell consisted of a gold-coated glass slide and a
Teflon body. The recorded shifts in the resonance curves were converted to an average
optical thickness of the deposited analyte by fitting the resonance to the Frensel
multiplayer model [100] with the help of a commercial software program purchased from
the Institute of Semiconductor Physics (Kiev, Ukraine). A depiction of the SPR setup
appears early in this dissertation as Figure 1.6.
SERS Experiments
Raman experiments were performed using a modular instrumental system by
depositing 600 nm thick films by PVD onto a glass slide that was coated with a 10 nm
silver island films, then exposing it to a 2 mg/mL benzoic acid solution. The modular
instrument was composed of 632.8 nm He-Ne laser, 20x objective, electrically cooled
CCD camera, SectraPro 275 spectrometer with 600 groves/mm, and a 633 nm halogen
notch filter.
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Results and Discussions
The attachment of nonpolar groups to the hydroxyl groups at C-2, C-3, and C-6
positions serves to increase thermal stability and volatility of the CD. Methyl and acetyl
groups at the hydroxyl C-2, C-3 position, and TBDMS group at the C-6 position were
attached. The resulting two derivatives HTBDMSDM-β-CD and HTBDMSDA-β-CD
were deposited on surfaces and evaluated for chemical sensor applications. Because
HTBDMSDM-β-CD and HTBDMSDA-β-CD were thermally evaporated onto the
surfaces, it was essential to determine if the compounds decomposed during the PVD
process. Both

13

C NMR and FT-IR spectroscopy were used to characterize the

compounds before and after deposition process. The 13C NMR spectra of HTBDMSDMβ-CD and HTBDMSDA-β-CD before and after PVD deposition are seen in Figure 4.2
and 4.3. A series of characteristic peaks in the

13

C NMR spectrum of HTBDMSDM-β-

CD, positioned (in ppm) at 98.0 (C-1), 82.1 (C-4), 82.0, 78.6, 72.1 (C-2, C-3, C-5), and
62.3 (C-6) belong to β-CD, and peaks at 61.5 and 58.6 belong to O-CH3 carbons at C-2
and C-3 positions. The other peaks at 25.9 18.3, -4.7 and -5.09 belong to the tertbutyldimetylsilyl group. There is a close match between the two spectra of the
HTBDMSDM-β-CD taken before and after the PVD process (Figure 4.2), which
confirms that PVD of HTBDMSDM-β-CD was not accompanied by any noticeable
chemical decomposition of this compound. In the case of HTBDMSDA-β-CD, however,
PVD did cause alterations in the 13C NMR spectra (Figure 4.3). Although there is a good
match between the peaks attributable to a β-CD macrocycle (96.7 (C-1), 75.4 (C-4), 71.9,
71.7, and 71.3 (C-2, C-3, C-5), 61.9 (C-6)), and C=O (170.5 and 169.6) group, the peak
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A

B

Figure 4.2. 13C NMR spectra of heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)β-CD in d-chloroform (A) Before and (B) after PVD.
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A

B

Figure 4.3. 13C NMR spectra of heptakis(6-O-tert- butyldimetylsilyl-2,3di-O-acetyl)-β-CD in d-chloroform (A) Before and (B) after PVD
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intensities in the tert-butyldimetylsilyl region significantly changed as a result of PVD.
This indicates some loss of the tert-butyldimetylsilyl groups during the PVD.
A comparison of the FT-IR spectra of the HTBDMSDM-β-CD and
HTBDMSDA-β-CD thin films is seen in Figure 4.4. The FT-IR spectrum of
HTBDMSDM-β-CD showed that it was successfully deposited without decomposition.
However, there was, once again, not an exact match between the spectra of
HTBDMSDA-β-CD before and after the PVD process. A difference in the 1400 cm-1 and
1700 cm-1 regions was observed. The evaluation of both

13

C NMR and FT-IR spectra

revealed that this could be the result of a loss of tert-butyldimetylsilyl at the C-6 positions
of β-CD.
The contact angle measurements showed that there was a small difference in their
hydrophobicity, i.e. the angle with the HTBDMSDA-β-CD thin film was 74o, whereas it
was 80o with the HTBDMSDM-β-CD film. This difference may help to comparatively
elaborate on the binding affinity of selected test molecules to the thin films. The mean
refractive indices of both deposited thin films were identical, 1.42 (n=5) as measured
with ellipsometry. These refractive indices were used in binding constant measurements
of selected analytes with SPR. The ellipsometry data also showed that the thin films are
quite uniform (RSD= 4.1% in measured refractive indices).
Four concentrations of each analyte, 0.2, 0.4, 1.0, and 2.0 mg/ml were injected
three times. The binding constants obtained from these replicate injections were averaged
and standard deviations were calculated. In order to analyze analyte-binding data, double
reciprocal plots were used. The analyte binding to the thin film coating was assumed to
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Figure 4.4. FT-IR Spectra of heptakis(6-O-tert-butyldimetylsilyl-2,3-di-O-methyl)-βCD (A) and heptakis(6-O-tert- butyldimetylsilyl-2,3-di-O-acetyl)-β-CD (B) before and
after PVD on gold substrate. Effective film thicknesses are not necessarily the same for
before and after deposition cases.
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be a first-order reaction for which the rate equation can be written based on percent
surface coverage of the analyte, R [101].
dR
= k a [ A]( Rmax − R) − k d R
dt

(4.1)

In Equation 4.1, [A] is the concentration of the injected analyte, ka and kd are the
association and dissociation rate constants, respectively, and Rmax is the maximum
percent coverage at saturated analyte binding. At equilibrium,

dR
=0, and Equation 4.1
dt

can be rearranged to
K=

where K=

R

(4.2)

[ A]( Rmax − R)

ka
(M-1). Therefore, the binding constant can be obtained by measuring the
kd

equilibrium coverage as a function of the analyte concentration [A]. Eq 4.2 can be
rearranged as
1
1
1
=
+
R Rmax KRmax [ A]

(4.3)

Using Equation 4.3, binding constant (K) from the slope and the maximum percent
coverage (Rmax) from the intercept of 1/R vs 1/[A] plot (double reciprocal graph) can be
obtained. A double reciprocal graph for 2,3-DHN is demonstrated on Figure 4.5.
The binding constants of groups of selected analytes were measured with SPR.
Three structurally diverse groups of analytes were tested. The first group consisted of
benzene and its two derivatives phenol and benzoic acid. The hydrophilicity of the group
increases from benzene to benzoic acid. The second group consisted of two positional
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Figure 4.5 Double reciprocal plot used to calculate the binding constant. Figure
shows the plot for 2,3-DHN.
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isomers of dihydroxynaphthalene, 2,3- and 2,7-DHN. The last group consisted of two
structurally similar drug molecules, ephedrine and tolazoline. The structures of the
analytes are seen in Figure 4.6 and the calculated K values are seen in Table I.
We expected that the hydrophobic molecules with a phenyl and naphthalene
moiety would have a better binding affinity towards to these hydrophobic thin films. The
binding affinity for the first group of analytes was greater for the HTBDMSDM-β-CD
thin film and there was interestingly no discrimination between these analytes with either
film types even though analytes’ hydrophobicity is quite different. On the other hand, the
binding affinity of 2,3- and 2,7-DHN was significantly greater than the other analytes for
both thin films, with the exception of tolazoline to HTBDMSDM-β-CD. This could be
the result of the better fit of the naphthalene moiety into the CD cavity. It also appeared
that HTBDMSDA-β-CD could recognize the positional isomers, 2,3- and 2,7-DHN. This
could be the result of the reasonable structural difference between two positional isomers.
2,3-DHN has two hydroxyl groups located on one side of the naphthalene molecule
whereas 2,7-DHN has one on both sides of the naphthalene molecule. It seems that due to
the steric effect of hydroxyl groups on both sides of the naphthalene in the 2,7-DHN
molecule, it cannot penetrate into the hydrophobic thin film easily. In the last group, the
binding affinity of ephedrine and tolazoline was surprisingly much greater for the
HTBDMSDM-β-CD thin film than the HTBDMSDA-β-CD thin film.
From these preliminary data, it is hard to reach a solid conclusion for the binding
affinity of very similar analytes such as positional isomers, but it is evident that the
binding affinity of analytes to the thin films was different from group to group. This type
of selectivity can be used for sensing purposes of different classes of analytes in a
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Table 4.1. Binding constants of test analytes to heptakis(6-O-tert-butyldimetylsilyl2,3-di-O-methyl)-β-CD and heptakis(6-O-tert- butyldimetylsilyl-2,3-di-O-acetyl)-βCD thin films.

Analyte
2,3-DHN
2,7-DHN
Benzene
Benzoic Acid
Phenol
Ephedrine
Tolazoline

Thin Film Coatings and K (M-1)values
HTBDMSDM-β-CD
HTBDMSDA-β-CD
139 (± 14)
283 (± 35)
143 (± 14)
104 (± 15)
36 (± 8)
20 (± 11)
42 (± 14)
7 (± 2)
33 (± 12)
24 (± 4)
56 (± 18)
4 (± 1)
107 (± 43)
4 (± 1)
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complex mixture. The selectivity of these receptor phases in many applications is limited.
This does not cause a notable problem when they are used as reagents for chemical
separations in electrophoresis and chromatography due to large number of available
theoretical plates. However, in sensors each sensing element provides only one effective
theoretical plate. In chemical separation techniques, less than 0.1% difference in binding
constant may provide adequate resolution. In order to achieve similar selectivity in
chemical sensors, there must be a very specific interaction between the receptor phase
and analytes such as antibody-antigen binding. Alternatively, an array of sensing element
designed with many sensing phases may be employed and pattern recognition used to aid
in quantitative work [102].
SERS can be used as a useful tool for studying response kinetics. The binding
kinetics of benzoic acid (BA) with HTBDMSDM-β-CD thin film was investigated. The
thin film was exposed to 0.2 mg/ml BA solution and SERS spectra were immediately
taken. Figure 4.6 shows the diffusion of the BA into the thin film. As seen, BA travels
through the 600 nm thick film and reaches the silver island film surface in 10 seconds and
reaches equilibrium (a steady state signal) within 50 seconds. It was also discovered that
the thin film protects the silver surface for a long time (15-20 days) from oxidation. This
may indicate that oxygen and moisture cannot penetrate into the thin films due to the very
hydrophobic nature of the film. This study involved the applications of these thin films
in the aqueous phase, but they may also be potential candidates for gas phase applications
as selective membranes.
Another exploitation of these thin films could be SERS based sensors[103]. For
example, silver island deposited fiber optic end can be coated with these thin films and
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Figure 4.7. Binding kinetics of benzoic acid to heptakis(6-O-tert-butyldimetylsilyl2,3-di-O-methyl)-β-CD thin film.
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can be used for remote sensing. In addition, the combined SERS and the knowledge of
diffusion rates into the thin films can be used for the discrimination and the detection of
the analytes in a complex mixture.

Conclusions
The two hydrophobic and relatively stable CD derivatives were synthesized and
successfully deposited as a uniform and stable film on surfaces with PVD method. These
thin films were evaluated as receptor phases for their application in chemical
sensors in the aqueous phase. The preliminary data showed that they could be used for
sensing classes of analytes, which vary in shape and hydrophobicity. It was also
discovered that these thin films could be used as protective layer for sensitive surfaces
such as silver island films.
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CHAPTER 5
CONCLUDING REMARKS AND FUTURE DIRECTIONS
Overall, the development of novel methods and materials for separations in CE
and sensing system was a rewarding experience. Although conclusions were drawn at the
end of each chapter, an overall conclusion with future directions is provided here.
The CD system containing neutral (β- and γ-CD) and ionic single-isomer CDs
was successfully used for separation of various naphthalene derivatives in CDCE.
Although CM-β-CD has a very limited elution window, the CDCE system containing
CM-β-CD (DS 1) showed excellent selectivity. HDMS-β-CD was proved to be an
excellent resolving reagent for charged and highly polar chiral compounds. However, in
this work it was proven that HDMS-β-CD was less useful when used in combination with
other CDs for the selectivity enhancement. Because the major interaction between analyte
and CDs is accomplished through the CD’s cavity, this ineffectiveness of HDMS-β-CD
for separation of naphthalene derivatives could be the result of its distorted cavity. The
HDMS-β-CD molecule has seven sulfato groups with high negative charge density
located in a close proximity at the narrower side of the CD torus. While these sulfato
groups reorient themselves away from each other, the CD molecules are distorted from its
original conformation. Because of this conformational distortion, some of the groups
attached to hydroxyl groups at the C-2 and C-3 block the cavity entrance or collapse into
it. The molecular modeling results not presented in this dissertation also showed that its
cavity is less effective compared to native β-CD and CM-β-CD. Besides, the use of
HDMS-β-CD in conjunction with neutral CDs was not possible due to the severe
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interaction between them. It was proposed that this interaction takes place through the
hydrogen bonding between sulfato groups of HDMS-β-CD and hydroxyl groups of
neutral CDs blocking the interaction of the analytes with the CDs cavity. The other factor
limiting the use of HDMS-β-CD is its severe interaction with capillary wall at lower pHs,
which caused changes in EOF. All these drawbacks with the use of HDMS-β-CD lead us
to pursue the synthesis of HCMCD-β-CD, which was the subject to Chapter 3. In order to
remedy or lessen these limitations, the synthesis of HDMS-β-CD was undertaken.
Because these problems were much less severe with CM-β-CD (DS 1), it enabled us to
measure the binding constant of the CDs to the naphthalene compounds in binary CDCE
system and use these binding constant to predict the mobilities of analytes theoretically in
a more complex tertiary CDCE system and perform actual experiments to compare
predictions with laboratory-based separations. There was fairly good agreement between
theoretical and experimental mobility predictions. It was demonstrated that the design
and development of separation systems in CDCE using binding constant knowledge was
possible.
The molecular recognition properties of CDs can be used for the development of
sophisticated separation systems in CE. After defining the experimental parameters and
the magnitude of the interaction between analytes and CDs, the separation system can be
optimized before the actual experiments. This can be done for several groups of analytes
and a database can be constructed. With the help of molecular modeling studies, under
certain conditions, separation can be virtually performed and the fate of the separation
can be predicted before the actual experiment. It is also possible to extend the number of
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the CDs in the separation buffer in order to achieve the maximum selectivity for hard to
resolve and chiral analytes.
As mentioned earlier, the problems encountered with the use of HDMS-β-CD
lead us to synthesize HCMCD-β-CD as a resolving reagent. It was thought that
introduction of a charged group carrying less charge density might help reduce the
distortion of the cavity, and undesired interactions of highly charged CDs with the
capillary wall and other CDs. However, due to the difficult chemistry of CDs, to
synthesize a single isomer CD product is a challenging task. Until recently, the charged
CDs have been synthesized and used for separations in CE but they were mixture of
multiple positional isomers. The selective attachment of the functional groups to the
hydroxyl groups of CD under controlled experimental conditions has been successfully
applied. The synthesis of HCM-β-CD was undertaken and resulted in a major single
isomer product. It was demonstrated that HCM-β-CD was a better resolving reagent for
several charged, neutral, and chiral analytes with less problems compared to its
commercially available counterparts, CM-β-CD(DS 1), and HDMS-β-CD. One of the
problems encountered during the synthesis of HCM-β-CD was the attachment of the ester
group to the primary hydroxyl groups. This reaction is not efficient and some fluorescing
side products are formed during the reaction limiting the use of HCM-β-CD with laser
induced fluorescence (LIF) detection. LIF is the detection method of choice for many
poorly water-soluble analytes such as aflatoxins and PAHs. A more efficient chemistry
should be explored for the attachment of the carboxyl group. Since the selectivity of the
CDs is different, the derivatization of different types of CDs can also be aimed to
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enhance the selectivity. It is also possible to attach different groups at the secondary
hydroxyl groups again to influence the selectivity.
There is an enormous effort for the development of new receptor phases with
molecular recognition properties. The PVD of hydrophobic CD derivatives on surfaces
was targeted. The hydrophobic CD derivatives were synthesized by attachment of methyl
and acetyl groups at the secondary hydroxyl groups and TBDMS group at the primary
hydroxyl groups. The CD derivatives were successfully deposited on surfaces with PVD
method without major decomposition. The use of these thin films as potential receptor
phases for chemical application was demonstrated. The measured binding constants were
different for different groups of analytes. However, the selective binding towards to
positional isomers and chiral analytes should be further studied and improved. The
binding kinetics of benzoic acid with HTBDMSDM-β-CD was studied with SERS. It was
also demonstrated that benzoic acid diffuses through the thin film readily and reaches the
silver island surface to give Raman enhancement. It was also discovered that the thin
films protect the silver island film from oxidation in air. The preliminary data showed
that these hydrophobic CD derivatives could be a selective receptor phase in chemical
sensors. Because these thin films are new materials, several aspects of them are not fully
understood and must be investigated. For example, their stability in harsh environments
such as extremely high and low pH should be investigated. It is expected that they can be
stable at high pH because the native CDs are stable at high pH. These thin film coatings
can also be utilized as selective membranes and protective layers against oxidation of the
surfaces. Because the work presented here is only preliminary and limited to the aqueous
phase, a further effort should be made to extend the study with more diverse analytes into
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aqueous phase and gas phase. It is possible to attach several different groups to the
hydroxyl groups such as benzyl groups at C-2 and C-3 positions to enhance the
interaction with analytes and to attach a less bulky group to the hydroxyl groups at C-6
position other than TBDMS to enhance thermal stability.
Although CDs are not new molecules to us, there are still an enormous number of
derivatives of CDs waiting to be explored for variety of applications from separations to
chemical and biochemical sensors, from inhibition of HIV virus to drug delivery, from
skin construction to odor removal.
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